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The research results described in the following summaries were
submitted by the investigators on October 15, 1988 and cover the
period from May 1, 1988 through October 1, 1988. These reports
include both work performed under contracts administered by the
Geological Survey and work by members of the Geological Survey.
The report summaries are grouped into the five major elements of
the National Earthquake Hazards Reduction Program.
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Southern California Seismic Arrays
Cooperative Agreement No. 14-08-0001-A0257

Clarence R. Allen and Robert W. Clayton
Seismological Laboratory, California Institute of Technology
Pasadena, California 91125 (818-356-6912)

Investigations

This semi-annual Technical Report Summary covers the six-month period from 1
April 1988 through 30 September 1988. The Cooperative Agreement’s purpose is the
partial support of the joint USGS-Caltech Southern California Seismographic Network,
which is also supported by other groups, as well as by direct USGS funding to its own
employees at Caltech. According to the Agreement, the primary visible product will be
a joint Caltech-USGS catalog of earthquakes in the southern California region; quarterly
epicenter maps and preliminary catalogs have been submitted as due during the Agreement
period. Approximately 250 copies of the monthly epicenter list are distributed each month
to interested parties.

Results

Figure 1 shows the southern California seismicity for the reporting period. The largest
event and also probably the most unusual was the My, 5.4 shock near Tejon Ranch on June
10. This event was located 5 km north of the Garlock fault and 20 km east of its intersection
with the San Andreas fault. The focal mechanism and aftershock locations (Figure 2) show
that this earthquake occurred on a fault stiking N82°E, dipping about 70°to the north.
The movement on the fault was oblique reverse and left-lateral strike slip. The strike of
the preferred focal plane is parallel to the Garlock fault; however, there are also a number
of small reverse faults with the appropriate strike and dip in the Tehachapi mountains
just north of the Garlock fault. Another M}, 5.4 shock occurred on August 31 in northern
Baja California. Since this event was well outside of the the recording network, details are
unavailable.

The second largest event within the network occurred on June 26 and was centered in
the Upland area just south of the frontal fault system of the San Gabriel mountains. This
event was accompanied by an unusually intense aftershock sequence; over 50 aftershocks
were recorded, including an My, 3.8 on July 3.

An interesting feature of the recent seismicity is the activity in southern Owens Valley.
An My, 4.0 events occurred there on July 5 and a number of M, greater than 3.0 events
occurred in the months of July and August. A search of the historical catalog shows that
no other earthquakes above My, 4.0 have occurred near the Owens Valley or Sierra Nevada
faults between Haiwee Reservoir and Bishop since 1955. Before that, however, there were
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several. Our network coverage in Owens Valley is currently limited to two photographically
recorded stations (TIN and CWC). At present, we plan to telemeter these two and also
relocate a few stations from the Coso area into the Sierra Nevada and Inyo Mountains to
improve the coverage.

The total numbers of earthquakes for the reporting period can be summarized as
follows:

Total number of events: 4833

Number of events of magnitude 3.0 and greater: 108

Number of events of magnitude 4.0 and greater: 7

Magnitude 5.0 and greater events: 2

Number of events reported felt: 42

Beginning in September 1988, the new ”generic CUSP” software now runs on the on-
line MicroVAX system, which replaced one of our aging PDP 11/34’s. ”Generic CUSP”
is a joint effort between Caltech and the USGS at Menlo Park and the Hawaiian Volcano
Observatory to consolidate the many versions of the CUSP earthquake processing system
running at the various sites. The on-line part is primarily due to Robert Dollar in Menlo
Park. As September 1988 closed, a large chunk of the off-line CUSP code that runs on
the VAX 750 was also being converted to ”generic”, with the help of Peter Johnson from
Menlo Park. With luck, we will be using this code in full-scale routine processing by
mid-October.
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Figure 1.-- Southern California seismicity, 1 April 1988

to 30 September 1988.
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Regional Seismic Monitoring Along The Wasatch Front Urban
Corridor And Adjacent Intermountain Seismic Belt

14-08-0001-A0265

W. J. Arabasz, R.B. Smith, J.C. Pechmann, and S. J. Nava
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-6274

Investigations

This cooperative agreement supports "network operations” associated with the University
of Utah’s 85-station regional seismic telemetry network. USGS support focuses on the seismi-
cally hazardous Wasatch Front urban corridor of north-central Utah but also encompasses
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support
are quarterly earthquake catalogs and a semi-annual data submission, in magnetic-tape form, to
the USGS Data Archive.

During the report period, significant efforts were made in: (1) ongoing in-situ calibration
on remote telemetry stations (2) long-term planning for upgrading of network instrumentation
and computing facilities, and (3) installation and operation of nine temporary seismograph sta-
tions (including four telemetered stations) in and around the source zone of an ML5.3 earth-
quake in central Utah.

Results
Newwork Seismicity: 1 April - 30 September, 1988

Figure 1 shows the epicenters of 346 earthquakes (ML.<.5.3) located in part of the Univer-
sity of Utah study area designated the "Utah region” (lat. 36.75°-42.5°N, long. 108.75°-
114.25°W) during the six-month period 1 April to 30 September, 1988. The seismicity sample
includes thirteen shocks of magnitude 3.0 or greater and eight felt earthquakes.

The largest earthquake during the six-month report period was a shock of ML5.3 (mb5.5,
USGS) on 14 August (20:03 GMT), on the NW flank of the San Rafael swell and 55 kilome-
ters south of Price, Utah. Data in hand suggest buried slip at about 8 to 15 km depth on a
NNE-trending fault in Precambrian basement, beneath 3 km of Mesozoic-Paleozoic cover
rocks, on the flank of a broad Laramide anticlinal structure within the Colorado Plateau. The
14 August earthquake was felt strongly throughout central Utah (MMI V - VI) and was
reported felt western Colorado and as far away as Rock Springs, Wyoming, Golden, Colorado,
and Alburquerque, New Mexico (USGS, PDE No. 33-88). The main shock was preceeded by
several foreshocks, and a cluster of 7 preshocks (ML < 2.5) occurred in the epicentral area in
January 1988. Foreshocks on 14 August at 18:58 GMT (ML2.9) and at 19:07 GMT (ML3.8)
were felt locally. The largest aftershock of the sequence occurred on 18 August at 12:44 GMT
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(ML4.4; mb4.6, USGS) and was felt in several nearby small towns. Through 30 September,
152 earthquakes have been located in the San Rafael swell sequence. A corresponding
magnitude-time plot (Figure 2) illustrates a normal foreshock-main shock-aftershock sequence
with 24 events of ML 2.0 and greater.

Earthquakes greater than magnitude 3.0, that occurred from 1 April - 30 September 1988
are identified in Figure 1. Felt earthquakes in Utah during the report period include: an M, 2.7
event on 13 June, 8 km E of Richfield; an ML3.1 earthquake on 11 July, near Fayette; an
ML1.6 shock on 24 August, located and felt in NE Salt Lake City; and an ML2.4 event on 24
September, located and felt in West Valley City.

Reports and Publications

Brown, E.D., Utah earthquake activity,July through September 1987, and October through
December 1987, Wasatch Front Forum, v. 4, no. 1-2, p. 27-28, 1987.

Brown, E.D., Utah earthquake activity, October through December, 1987, Survey Notes (Utah
Geological and Mineral Survey), v. 21, no. 4, p. 6, 1987.

[For other reports and publications and for additional details of the ML5'3 San Rafael swell,
Utah, earthquake sequence, see technical summary for companion research award—R.B. Smith,
W.J. Arabasz, J.C. Pechmann, University of Utah, this volume.]
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Stream Responses to Uplift, Northern Canterbury, New Zealand

William B. Bull
* Geosciences Department
University of Arizona
Tucson, AZ 85721
(602) 621-6024

Objectives: 1 intend to identify active faults and folds, and estimate uplift rates, by
examining responses of streams to uplift. New Zealand streams near the Hope fault have
responded rapidly to late Quaternary uplift and climatic changes, and thus are ideal for
the development of new concepts. Piedmont reaches of some of these powerful streams
cut broad straths in bedrock at about 30,000 years ago, and at the present. Confirmation
of the 30,000 years age estimate, and measuring amounts of stream-channel downcutting
since then, will (1) identify active faults and folds and (2) provide the data for a regional
map of late Quaternary uplift rates. This map will be used to separate local from
regional uplift and to describe subareas with different tectonic styles that have resulted
from the oblique convergence of the Pacific and Australian plates. Stream-gradient
indices describe variations in channel slope and will be used to further examine amounts
of recent faulting and to study rates of upstream migration of rapids and waterfalls
caused by faulting in streams with different amounts of power.

Topographic Map Analyses: The initial work has centered about the characteristics of
stream channels that head in the Seaward Kaikoura Range and flow across the highly
active Hope fault. Major climatic changes and rapid uplift along the Hope fault have
affected each basin draining the south side of the Seaward Kaikoura Range in a different
manner. Semiarid, frigid latest Pleistocene full-glacial climates (Soons, 1979) probably
were responsible for intense periglacial processes and greatly increased sediment yields
from fractured greywacke hillslopes. Backfilling of valleys with 10 to>40 m of stream
gravels created extensive aggradation surfaces at about 15,000 + 3000 years ago in the
piedmont reaches downstream from the Hope fault. With the return of humid, mesic
climates in the Holocene (McGlone and Bathgate, 1983), sediment yields seem to have
decreased markedly as dense forests again mantled the lower hillslopes. Dating of
stream terraces by radiocarbon-calibrated weathering rind measurements on greywacke
cobbles (Knuepfer, 1984) indicates that the Charwell River began to degrade the
aggradation gravels at rates of <4 m/1000 yr. Then rates accelerated to about
30 m/1000 yr before declining to about 1.3 m/1000 yr during the past 4000 years. Valley-
floor degradation locally was >80 m.

Each stream had a different response time to the late Quaternary climatic changes, and
to continuing pulses of uplift along the Hope fault. The piedmont reach of the Charwell
River was downcutting into bedrock again by about 9000 years ago, but the valley of
Cribb Creek is still floored with a broad expanse of gravel whose surface is only a few
meters below the aggradation surface. Piedmont reaches of some streams are presently
cutting broad straths indicative of attainment of equilibrium longitudinal profiles despite
having been overwhelmed by climatically induced sediment-yield increases during times
of full-glacial climate, and maintaining a long-term degradation rate equal to the
average uplift rate.

Stream-profile analyses (Hack, 1982) provide considerable insight regarding responses to

uplift upstream from the Hope fault. The longitudinal profiles of streams in bedrock are
much steeper and generally much more concave in the rapidly rising mountain reaches



than in the slowly rising piedmont reaches or gravel-floored mountain reaches. Straight
plots of semi-logarithmic profiles for many streams indicate a systematic adjustment
between downstream increases in stream discharge, uplift, changing climate, and spatial
variations in lithologic resistance.

Analysis of variations of stream-gradient index (Hack, 1973) are valuable for defining the
magnitudes and locations of nickpoints and nickzones resulting from uplift along the
Hope fault, and for identification of reaches that are underlain by more resistant rocks.
Bedrock nickpoints generally have migrated farthEr upstream from the Hope fault i
large than in small streams — 8600 m up thez48 km“ Conway River, 600 m up the 30 km
Charwell River, and <100 m up the 10 km“ Right Branch (Bull and Knuepfer, 1987).
Episodic vertical movements along the Hope fault continued during times of valley-floor
aggradation, but streamflows were able to eradicate only the surficial fault scarps in
loose fluvial gravel. Sub-alluvial bedrock fault scarps became progressively higher during
aggradation and during the initial stages of degradation of the valley fill. Holocene
degradation eventually exposed the bedrock scarps for some streams. Climatic controls
that affected stream power and sediment load were important in determining the time of
exposure of the bedrock scarp and the upstream rate of migration of the nickpoint.

The highly active environment of streams in the Seaward Kaikoura Range is not
conducive for uniform values of stream gradient index, such as John Hack (1982) noted

for some streams of the Appalachian Mountains region in the eastern United States.
Kahutara Creek is a typical example of one set of process interactions for the Seaward

1000 Kahutara Creek | 1500
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Figure 1. Longitudinal profile and stream-gradient index (distance from headwaters
divide times slope) for Kahutara Creek, Seaward Kaikoura Range, New Zealand. Reach
A is characterized by an orderly increase in SL index values. Reach B is dominated by
tectonically induced steepening of the stream gradient resulting from cumulative
vertical displacements along the Hope fault. Reach C is a broad valley floor underlain by
stream gravels that may be a product of late Quaternary climatic changes.



Kaikoura Range. Stream gradient indices increase progressively for the first 6 km down-
stream from the headwaters divide. The limiting trend line indicates that a systematic
adjustment between streamflow variables has occurred; the peaks above the trend line
are the result of reaches underlain by more resistant rock and/or are nickpoints and
nickzones that have migrated upstream from the Hope fault. Reach C has values of
stream gradient index that are less than the trend line values, because this reach is
characterized by a broader stream flowing on valley-fill gravels. Reach B is anomalously
steep, and is believed to reflect the influence of many vertical displacements along the
Hope fault. Such displacements have migrated upstream as nickpoints, but the upstream
migration has been slowed by the presumed greater resistance to bedrock erosion of
reach B. In this way, the cumulative effects of many fault displacements are recorded in
the longitudinal profile of an actively downcutting stream.

References Cited

Bull, W.B.,, and Knuepfer, P.L.K., 1987, Adjustments by the Charwell River, New
Zealand, to uplift and climatic changes: Geomorphology, v. 1, p. 15-32.

Hack, J.T., 1973, Stream-profile analysis and stream gradient index: U.S. Geological
Survey Journal of Research, v. 1, p. 421-429.

Hack, J.T., 1982, Physiographic divisions and differential uplift in the Piedmont and Blue
Ridge: U.S. Geological Survey Professional Paper 1265, 49 p.

Knuepfer, P.L.K., 1984, Tectonic geomorphology and present-day tectonics of the Alpine
shear system, South Island, New Zealand: Ph.D. dissertation, University of
Arizona, Tucson, 489 p.

McGlone, M.S., and Bathgate, J.L., 1983, Vegetation and climate history of the Longwood
Range, South Island, New Zealand, 12,000 B.P. to present: New Zealand Journal of
Botany, v. 21, p. 293-315.

Soons, J.M., 1979, Late Quaternary environment in the central South Island of New
Zealand: New Zealand Geogr., v. 35, p. 16-23.

10



1.1

Regional Seismic Monitoring in Western Washington
14-08-0001-A0266

R.S. Crosson and S.D. Malone
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020

Investigations

Operation of the western Washington regional seismograph network and routine preliminary
analysis of earthquakes in western Washington are carried out under this contract. Quarterly cata-
logs of seismic activity in Washington and Northern Oregon are available for 1984 through 1987.
Final catalogs are available though 1986. These catalogs were funded jointly by this contract and
others. The University of Washington operates approximately 80 stations west of 120.5°W.
Twenty eight are funded under this contract.

Data are provided for USGS contract 14-08-0001-G1390 and other research programs.
Efforts under this contract are closely related to and overlap objectives under contract G1390, also
summarized in this volume. Publications are listed in the G1390 summary. This summary covers
a six month period from April 1, 1988 through September 30, 1988.

We have updated our on-line seismic recording system. Since 1980 a DEC PDP-11/34 has
recorded incoming digital data, and a DEC PDP-11/70 has been used for analysis. In April of this
year a Masscomp-5600 minicomputer was acquired and installed by the U.S. Geological Survey in
our lab to take the place of the DEC equipment. By June 1 we had software running on the
Masscomp computer to to do both data acquisition and analysis tasks for the network. This
software is a modified version of RAVEN, a specialized data acquisition system from NEWT Inc.
We have a software agreement with NEWT Inc. for the development of a regional network
recording version of this software called HAWK. By July the HAWK software running on the
Masscomp computer had taken over all acquisition and analysis tasks and the DEC equipment was
being phased out. The PDP-11/34 is still running as a backup system to the Masscomp; however,
all recording, processing, and archiving are now routinely done on the Masscomp. The HAWK
data acquisition system is a great advance over the PDP-11/34. It can record more channels of
data and has a much greater capacity for recording unattended. Also, operating parameters can be
changed while the system is running, data are recorded directly onto disk (instead of onto mag-
netic tape), and automatic post-recording processing begins as soon as the event is recorded. The
automatic post-recording processing includes phase and coda-duration picking, and preliminary
event location. An alarm system notifies seismologists when a sizable local earthquake occurs
(includes a buzzer, and automatic telephone notification). Several other types of system emergen-
cies (power outage, digitizer failure, disk full) are also identified, and initiate similar alerts. The
automatic post-recording processing can quickly determine preliminary locations of both telese-
isms and local events. For teleseisms, we are exploring the possibility of using the preliminary
location to reactivate the recording system to record later phases which might not trigger the
recording system on their own.

Excluding blasts, probable blasts, and earthquakes outside the U. W. network, 518 earth-
quakes west of 120.5°W were located during this period. 71 of these were located near Mount St.
Helens, which has not erupted since October of 1986. The largest earthquake located in western
Washington/northern Oregon between April 1 and September 30 was an M, 4.1 earthquake on
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July 29, 1988 which occurred at a depth of 12 km on the western flanks of Mount Rainier, Wash-
ington. An M, 3.8 earthquake occurred in the same location an hour later. Both hypocenters were
located approximately 12 km west of Mount Rainier’s summit. Nearly two weeks later, on
August 12, an M, 3.0 earthquake with a similar location occurred. The July 25th earthquake is the
largest earthquake to occur in the Mt. Rainier region since an M, 4.7 shock on April 20, 1974.

Mount Rainier seismicity is high compared to other strato-volcanos of the central Cascade
region, which (with the exception of Mount St. Helens) are seismically quiet. Figure 1 shows all
earthquakes since 1969 in the Mount Rainier region. There is a north-south trend of seismicity
just to the west of the mountain, as well as a cluster at the summit. Focal mechanism solutions
for the three earthquakes in July and August of 1988 are very similar to solutions found for earth-
quakes in 1973 (Crosson and Frank, 1975) and 1974 (Crosson and Lin, 1975) in this region. Fig-
ure 1 shows focal mechanism solutions for selected events larger than M, 3.0.

A - 9

Figure 1. Earthquakes located in the vicinity of Mount Rainier from 1969 through August, 1988. The
map includes the area from 121.4° to 122.2° west longitude and from 46.6° to 47° north latitude. The
contours on the map represent the 7,500 ft and 10,000 ft. contours of Mount Rainier. Two symbol
sizes are used, the smaller for earthquakes with magnitude less than 3.0, and the larger for earthquakes
greater than magnitude 3.0. Lower hemisphere, equal-area focal mechanisms for larger earthquakes are
shown, and are numbered to correspond to the table below.

# DATE TIME LAT LON DEPTH(KM) MAG
1 7307/18  21:58:06.01 464954 121 49.03 6.94 39
2 7404/20 03:00:09.38 464295 121 28.54 5.55 4.7
3 7504/18  04:57:56.62 46 54.68 121 35.83 5.05 39
4 76/11/11  05:28:28.43 46 51.86 121 46.38 0.56 31
5 8501/01 19:15:00.80 465257 121 57.39 11.31 31
6 8512727 19:12:00.81 465802 121 5191 7.02 30
7 8807729 04:59:47.27 465127 121 54.82 11.83 4.1
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Central California Network Operations
9930-01891

Wes Hall
Branch of Seismology
U.S. Geological Survey
345 Middlefield Road - Mail Stop 977
Menlo Park, California 94025
(415) 320-4730

Investigations:

Maintenance and recording of 341 seismograph stations (429 components) located in Northern
and Central California. Also recording 55 components from other agencies. The area covered is
from the Oregon border south to Santa Maria.

Results:

1. Bench Maintenance Repair:

seismic VCO units 143
summing amplifiers 36
discriminators 72
dc-dc converters 29

2. Production/Fabrication:
VO2L/VO2H printed ckt boards 41

summing amplifier units 28
J502A VCO units 17
dc-dc converter/regulator 30
seismic test units 2

4. Modifications:
J50X VCO units 28
summing amplifiers 18

5. Completed Open File Report - "Discriminator Output to CUSP, RTP, and MOTOROLA Computer
System Input”
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10.

11.

12.

13.

14,

Completed preliminary telemetry routing diagrams for all seismic components on Macintosh Data
Base.

Order parts for:

a. 100 ea. J502A VCO/AMPS

b. 200 ea. VO2H VCO boards

c. 250 ea. J601 regulator boards

Stations deleted: LTN (Tennant); LCS (College of the Syskious); CAC (Antioch)

New staions: LOM (Orr Mountain); LGR (Grenada)

Increased the Hog Canyon microwave facility solar power system capacity to support the additional
microwave system equipment and to insure adequate power during the winter months.

Moved Central California seismic network receiver site from the old California Division of Forestry
(CDF) vault and tower to the new CDF vault and tower at Mt. Pierce.

Moved Central Califomia seismic network receiver site from the CDF vault and tower to Bureau of
Land Management (BLM) vault and tower at Cahto Peak.

Performed a radio path survey for a new bore-hole seismic array in the Mammoth Lakes, CA .area.
This array is a joint effort with Lawrence Berkeley Laboratories.

Moved microwave antennas from a 80 foot tower to an adjacent 40 foot tower at Edwards AFB, CA.
The antennas were moved to eliminate an interference problem with Air Force Telemetry Systems.
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Central Aleutian Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger
Cooperative Institute for Research in Environmental Sciences
Campus Box 449, University of Colorado
Boulder, Colorado 80309
(303) 492-6042

Brief Description of Instrumentation and Data Reduction Methods

The Adak seismic network consists of 13 high-gain, high-frequency, two-
component seismic systems and one six-component system (ADK) located at
the Adak Naval Base. Station ADK has been in operation since the mid-
1960s; nine of the additional stations were installed in 1974, three in 1975, and
one each in 1976 and 1977.

Data from the stations are FM-telemetered to recording sites near the
Naval Base, and are then transferred by cable to the Observatory on the Base.
Data were originally recorded by Develocorder on 16 mm film; since 1980 the
film recordings are back-up and the primary form of data recording has been
on analog magnetic tape. The tapes are mailed to CIRES once a week.

At CIRES, the analog tapes are played back at four-times the speed at
which they were recorded into a computer which digitizes the data, automati-
cally detects events, and writes an initial digital event tape. This tape is
edited to eliminate spurious triggers, and a demultiplexed tape containing only
seismic events is created. All subsequent processing is done on this tape.
Times of arrival and wave amplitudes are read from an interactive graphics
display terminal. The earthquakes are located using a program developed for
this project by E. R. Engdahl. This program uses corrections to the arrival
times which are a function of the station and the source region of the earth-
quake.

Data Annotations

The network was serviced from mid-July through September, 1988. Of
the 28 short-period vertical and horizontal components, 16 were operating for
most of the time period of May through July 1988. By the end of the 1988
summer field trip to Adak (end of September 1988), all 28 of the 28 com-
ponents were operating. Our network was able to obtain use of a Coast Guard
helicopter and bring up AK2, AK3, and AK4, which have been down for about
six years due to difficult access.

Current Observations

In late 1987, the network purchased a Sun 3/50 work-station, Sun
1600/6250 tape drive and controller, and two 140 Mbyte hard disks to replace
our PDP 11/70. Currently, the tape drive and Versatec are driven by a Sun
3/260 belonging to CIRES, free of charge, while all of our computing is done
on the Sun 3/50. Our plan was to bring up the locating package developed at
Lamont-Doherty Geological Observatory on our Sun, while locating continued
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on the 11/70. Once the new software was up, our data-processing would
switch over entirely to the Sun and the 11/70 would be replaced. Unfor-
tunately, all of CIRES was moved to a new building in May 1988 and we were
forced at that time to turn off the 11/70 before all of the new software was
operational. We have spent the remainder of the summer getting our new Sun
system installed in the new building, as well as reinstalling our PDP 11/34-
TEAC sub-system which handles our digitization. We have also been working
on getting our original software running on the Sun to have a base of com-
parison for results from the new software.

We are still working on our plotting software for the Versatec, due to
some hardware problems, but we have begun locating earthquakes again as of
August 29, 1988. Previously, we had been locating all events with duration
magnitude (Mp) greater than 2.3 after the May 7, 1986 major event (Mg 7.7)
and are far behind as a result. Our plan is for a research assistant to locate
earthquakes during the first week of each month, starting with August 1986, in
order to maintain a rough estimate of seismicity after the May 7, 1986 event.
The rest of our locators will be moved ahead to begin locating data from the
beginning of 1988 when the seismicity has decreased to more "normal" rates
for the network area. This will result in a large data gap in the catalog, how-
ever, we feel it is important to return to observations of current seismicity.

In the meantime, we have compiled an interesting set of experiences and
notes to pass on to others who might also be interested in acquiring a Sun net-
work, running the Lamont software, or bringing up software from an 11/70.
One major problem in bringing up the Lamont software was the fact that
Lamont processes their data "real-time"; events are digitized as they occur and
located shortly afterwards. Our data is recorded on analog tape at Adak
Island, and the resulting tapes are shipped to CIRES where they are digitized
and located, at the very least, one week after they have occurred. It required
some effort to customize the Lamont software to handle this delayed process-
ing, but basically, it was ready to run when received. Most of our efforts were
spent in bringing up our old software due to differences in internal formats
between an 11/70 and a Sun, and in compilers from UNIX 2.9BSD and Sun
UNIX 4.2 Release 3.5. We spent time on this in order to compare results from
the Lamont routines with our Adak routines to ensure consistency in locations.

A memo has been prepared and sent to the National Earthquake Infor-
mation Center (NEIC, Golden, Colorado), as well as to Karen Ward (USGS,
Menlo Park), describing in more detail the major revisions we have made.
NEIC is replacing their 11/70 with a Sun network and they will have to make
some of the same modifications to their software. We will be working with
them on this and also developing software for the new "Standard for Exchange
of Earthquake Data" (SEED).

Despite these problems, we highly recommend the Sun systems and the
Lamont software. The Suns are very well documented and easy to use, besides
being faster, easier to maintain, and more compact than the 11/70. We are
still using the location program developed by E. R. Engdahl sinee it is so well
"customized" to Adak earthquakes, but we are using the rest of the Lamont
packages exclusively for demultiplexing and phase picking. We have found the
Lamont package fairly well documented, easily modified, and simple to learn
and use.
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Alaska Seismic Studies
9930~-01162

John C. Lahr, Christopher D. Stephens,
Robert A. Page, Kent A. Fogleman
Branch of Seismology
U. S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025
(415) 329-4744

Investigations

1) Continued collection and analysis of data from the high-gain
short-period seismograph network extending across southern Alaska
from the volcanic arc west of Cook Inlet to Yakutat Bay, and
inland across the Chugach Mountains. This region spans the
Yakataga seismic gap, and a special effort is made to monitor for
changes in seismicity that might alter our assessment of the
imminence of a gap-filling rupture.

2) Cooperated with the Branch of Engineering Seismology and
Geology in operating 16 strong-motion accelerographs in southern
Alaska, including 11 between Icy Bay and Cordova in the area of
the Yakataga seismic gap.

3) Installed four additional seismograph stations along the
volcanic arc, three near Mt. Redoubt and one near Mt. Spurr.
These stations will provide enhanced monitoring capabilities for
the newly established Alaska Volcano Observatory, a cooperative
program between the USGS, the Geophysical Institute of the
University of Alaska, and the Alaska Division of Geological and
Geophysical Surveys.

4) Installed two additional seismograph stations within the
Yakataga seismic gap in order to improve both depth and focal
mechanism control for events within the persistent cluster
beneath Waxell ridge.

Results

1) During the past six months, preliminary hypocenters and
magnitudes were determined for 829 earthquakes that occurred
between February and May, 1988 (Figures 1 and 2). A total of
142 shocks had duration magnitudes (Mp) of 3 or larger
(corresponding to bodywave magnitudes 3.8 mp and larger). The
two largest shocks occurred on March 6 -- the Mg 7.6 (m, 6.8,

NEIS) Gulf of Alaska earthquake, which has an epicenter located
250 south-southeast of the eastern tip of the Aleutian trench,
and an mp 6.2 aftershock 60 km north of the mainshock epicenter.
Thirty-six other earthquakes 1located within the principal
aftershock zone of this event also had magnitudes of at least 3
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Mp. Seventy-nine of the remaining larger earthquakes were
located within the Aleutian Wadati-Benioff zone west of longitude
150°W and below 35 km depth. Among this latter group is a
magnitude 5.4 Mp (5.5 m,) shock that occurred on February 7 and
was located 138 km deep between Mt. Iliamna and Mt. Redoubt
volcanoes.

The distribution of shallow epicenters (Figure 1) is
dominated by aftershocks of the March 6 earthquake. This event
was preceded by two other large shocks in the Gulf of Alaska: an
Mg 6.9 shock on November 17, 1987, and an Mg 7.6 shock on
November 30 (Stephens and others, 1988). Aftershocks for this
recent earthquake define a narrow, north-south-trending zone.
Together with the pattern of P-wave first motions for the
mainshock, the distribution of the first six hours of aftershocks
is compatible with a rupture that involved dextral slip on a
nearly vertical fault about 130 km 1long. This mechanism is
similar to that inferred for the Mg 7.6 shock of November 30,
which has an epicenter about 200 km north of the March 6
epicenter. Combined, the aftershock zones of these two shocks
extend for more than 250 km, but near latitude 58°N, the March 7
aftershock zone appears to be offset to the west by about 10-15
km relative to the main aftershock distribution of the earlier
event.

Other nearby shocks from this recent time period were
located off the principal trend of the March 6 aftershock zone,
and include an my 4.3 shock 140 km east of the March 6
epicenter, and an mp 5.1 shock about 60 km to the west. Off-
fault seismicity was also observed following the November 30
mainshock. The November 17 shock, which occurred west of the
November 30 epicenter, 1is inferred to involve 1left lateral
rupture on a steeply-dipping, east-west trending fault. These
observations suggest the presence of a complex network of
faults, and that, at least in this area, the Pacific plate may be
highly fragmented.

A magnitude 5.1 mp shock that occurred on March 10 was
located near the eastern tip of the Aleutian megathrust. The
nature of this event (for example, whether or not it occurred at
a result of low-angle thrusting on the megathrust) is uncertain
because focal depths in this area are poorly constrained, and
because the P-wave first motions of the event recorded by the
regional seismograph network are not clear. Likewise, the nature
of other shocks that occurred beneath the continental shelf
southeast of Prince William Sound are difficult to ascertain.

Concentrations of shallow epicenters occur in coastal areas
east of Prince William Sound where persistent seismicity has been
observed over at least the past decade. These areas include the
Copper River delta, the Waxell Ridge area near the center of the
Yakataga seismic gap, the aftershock zone of the 1979 St. Elias
earthquake north of 1Icy Bay, and the northern tip of the
Fairweather fault system near Yakutat Bay. Epicenters clustered
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near the intersection of the Duke River and Totschunda faults
(near latitude 61.5°N, longitude 141.5°W) represent continuing
aftershock activity of an mp 5.7 shock that occurred on November
23, 1987. Concentrations of small crustal shocks (M < 2) are
located along the volcanic arc west of Cook Inlet, and a tight
cluster of small shocks near the intersection of the Castle
Mountain and Caribou faults (near latitude 61.75°N, longitude
148.5°W) reflects continuing seismicity in this area. The
apparent decrease in the rate of seismicity beneath western
Prince William Sound compared to preceding time periods is due to
failures of local seismograph stations.

The 138 km-deep magnitude 5.4 Mp shock of February 7 beneath
the volcanic arc occurred within a zone characterized by a high
relative rate of activity compared to adjacent segments of the
Cook Inlet Wadati-Benioff zone. The focal mechanism for this
shock determined from P-wave first motions has the T axis (axis
of least-compressive stress) approximately aligned with the
downdip direction of the subducting Pacific plate; the P axis
(axis of greatest-compressive stress) dips at a moderate angle to
the NNE, approximately parallel to the strike direction of the
plate. The inferred orientation of stress axes is consistent
with other observations from this area (for example, Pulpan and
Frohlich, 1985). One of the interesting aspects of this event is
that at least twelve aftershocks with magnitudes as large as Mp
3.8 (4.1 mp) were recorded, so that it may be possible to
determine the rupture plane from precise relative relocations of
these events.

2) Seismographs were installed at two new sites in the Chugach
Mountains to obtain more detailed recordings of shallow
earthquakes that persist in this area. This seismicity occurs

near the center of the Yakataga seismic gap, and determining the
nature of this seismicity is important to our understanding of

regional tectonic processes. Two of the three stations near
Knight Island in Prince William Sound were removed and one was
reinstalled to the south on Latouche 1Island. Three new

seismographs were installed within 15 km of the summit of Mt.
Redoubt, and a third seismograph was reestablished near Mt. Spurr
to improve the monitoring capability of the network near these
volcanoes.

3) The data acquisition node at Yakutat was upgraded from an
IBM PC to a PC/AT. Advantages of the new system include real-
time graphics display of the waveforms, continuous on-line
monitoring, and recorded event durations that depend on the
amplitude of the coda following event triggers. In addition, FFT
routines have been implemented on a digital signal processing
(DSP) board to facilitate the detection of signals indicating
calibrations, SMA triggers and gain-ranging at the remote field
sites.

19



I.1

References

Pulpan, Hans, and Frohlich, Cliff, 1985, Geometry of the
subducted plate near Kodiak Island and lower Cook Inlet,
Alaska, determined from relocated earthquake hypocenters,
Bulletin of the Seismological Society of America, v. 75, p.
791-810.

Stephens, c¢. D., Lahr, J. C., Page, R. A., and Fogleman, K. A,
1988, The northern Gulf of Alaska earthquakes of 17 November
(6.9 Mg) and 30 November (Mg 7.6) 1987: rupture of the

* Pacific plate south of the Yakataga seismic gap,
Seismological Research Letters, v. 59, n. 1, p. 21.

Reports

Lahr, J. C., Page, R. A., Stephens, C. D., and Christensen, D.
H., 1988, Unusual earthquakes in the Gulf of Alaska and
fragmentation of the Pacific plate, submitted to Geophysical
Research Letters.

20



I.1

‘feq Jeanyex-gX €93pTY TTOXBM-YM ‘PUNOS WETTTIM 9OUTIJ-SMd ‘Aeq ADI-gI ‘ITNeJ I9YIEoMITEY

—-Id €3[NEJ UIBIUNOK 9[ISEB)-IW) ¢°3BIOYdUY-Yy :91B SUOTIBTA®IGQY ‘*oyenbyjzies g yodsaey Jo i33usdTds syaeuw

ae3s uado ¢{de8 otwsTos BSERIBYEBX JO JUPIX® POIISJUT SBUTTINO INOJUOD PaYSep LAABIH *NIOM]IdU dY] SSOIDE

saTieA passedoad a1e BIEpP 9yl YOTUM 03 ToAd] opniTuSew 3ssmo] 9yl ‘opniTulem lw oTwsTesayal Surpuodssiiod

9Yy3 ueyl IST[ERWS JTun spnjTudem auo jInoqe AJTeisusld aie i1981e] pue ¢ epnituS8emw JOo Sjusad pue ‘apnirtydue

WNWIXBW 10 UOTJIBINP BPOD WOIJ paulmislsp aie SopniTulel < yaomisu ydeaSomsias Teuor8ai §9Sn 9yl Sursn
19MOTTeYS pue wy Qf Jo syidop 1e p21BOOT ‘gReI1 ‘ABN-Lieniqag poraad oyl woaj sayenbyjaes (1¢ Jo sasjusordy :1 2and1g

J0OFL ¥l 18441 «9Fl o8¥1 20S} .Z¢1

1 1 L I o¥St «9G1

°9€1 -8E A ] 1 1 1 1

0 9G 2 9SG

oLS

ONVOTIOA # 8S S %i\\/\ﬁ -8

+0s O g , : I .6
+0vr O A

+0°¢ O

+02 o
+0°1 °
+0' 1=

«09

°

S3ANLINOVA

o¥9

Y3IMOTIVHS ONV WX O SHLId3Q ‘8861 AVN — AYVNNB3J
ALIDINSI3IS YASYIY NA3HLINOS

21



I.1

*seoanjeay deum
JO UOTIBOTITIUSPUT pur s9pniTuSew Inoqe STTeI9P I10J | 9In8Tj 935 °Yiomlau ydeiSowstas TeUOIZAI §HSN
a3yl Sursn uwp| Q¢ ueyl iadsep paleIO0T Qg1 ‘AeW-LAIBnigag poriad syl woiy sayenbylries grg Jo savjusodrdy :7 2anSTg

0¥l Y44t ¥l %143 «8¥i 051 JZS1

«8C1 . 1 1 1 1 J e A 1 1 1 1 o961

Of1 L

«9S 96

ol oLS

ONVOI1OA & 8§ »8S

*6 «6$
+0s  []
0y [J
+0'¢ O
+0z O
+0°1 o
+0'1- .

S3ANLINOVA
+00. O
+00f Vv

SH1d30

¥
* N OF MOT38 SHId3A ‘8861 AV — ANVNNE3J

ALIDINSI3S WYMSVIV NY¥3IHLNOS

22



Seismic Data Library
9930-01501

W. H. K. Lee
U. S. Geological Survey
Branch of Seismology
345 Middlefield Rd., MS 977
Menlo Park, CA 94025
(415) 329-4781

This is a non-research project and its main objectives is to
provide access of seismic data to the seismological community.
The Seismic Data Library was started by Jack Pfluke at the
Earthquake Mechanism Laboratory before it was merged with the
Geological Survey. Over the past ten years, we have built up one
of the world's largest collections of seismograms (almost all of
them microfilm) and related materials. Our collection includes
approximately 4.5 million WWNNS seismograms (1962-present), 1
million USGS local earthquake seismograms (1966-1979), 0.5
million historical seismograms (1900-1962), 20,000 earthquake
bulletins, reports and reprints, and a collection of several
thousand magnetic tapes containing (1) a complete set (to 1984)
of digital waveform data of the Global Digital Seismic Network
(Data Tapes), and (2) a complete set of digital archive data of
Calnet (CUSP archive tapes) since April 1984.
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North and Central California Seismic Network Processing
9930-01160

Frederick W. Lester
Branch of Seismology
U.S. Geological Survey
345 Middlefield Rd., MS 977
Menlo Park, CA 94025
(415) 329-4747

Investigations

1.

In 1966 a seismographic network was established by the USGS
to monitor earthquakes in central California. In the
following years the network was expanded +to monitor
earthquakes in most of northern and central California,
particularly along the San Andreas Fault, from the Oregon
border to Santa Maria. In its present configuration there
are over 350 single and multiple component stations in the
network. There is a similar network in southern California.
From about 1969 to 1984 the primary responsibility of this
project was to manually monitor, process, analyze, and
catalog the data recorded from this network. In 1984 a
more efficient and automatic computer-based monitoring and
processing system (CUSP) began online operation, gradually
replacing most of the manual operations previously performed
by this project. For a more complete description of the
CUSP system see the project description "Consolidated
Digital Recording and Analysis" by S. W. Stewart.

Since the introduction of the CUSP system the
responsibilities of this project have changed considerably.
The main focus of the project now is that of finalizing and
publishing preliminary network data from the years 1978
through 1984. We also continue to manually scan network
seismograms as back-up event detection for the CUSP system.
We then supplement the CUSP data base with data that were
detected only visually or by the other automatic detection
system (Real-Time Processor, RTP) and digitized from the
continuously recording analog magnetic tapes. Project
personnel also act as back-up for the processing staff in
the CUSP project.

This project continues to maintain a data base for the years
1969 - present on both a computer and magnetic tapes for
those interested in doing research using the network seismic
data. As soon as the older data in the data base.
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For nearly two decades this office monitored earthquakes in
Yellowstone National Park and vicinity. The data from these
earthquakes have been collected and processed, and more than
6000 events have been located for the time period 1964 to
1981. These data are currently being used to produce a map
of epicenters for the region. This map will compliment the
recently published catalog of earthquakes for 1973 to 1984
covering the same area.

Results

1.

Figure 1 illustrates 6777 earthquakes located by this office
for northern and central California during the time period
April through September 1988. The largest earthquakes
recorded during that time period were three magnitude 5
events. The first occurred on June 10 and was located
approximately 41 kilometers southeast of Bakersfield, near
the Garlock fault. It was magnitude 5.2. The second of the
three was magnitude 5.3 and it occurred on June 13 and was
located along the Calaveras fault, approximately 15
kilometers northeast of San Jose near Calaveras Reservoir.
The last large quake occurred on June 27, was M5.0, and was
located on the San Andreas fault, approximately 22
kilometers south of San Jose in the Santa Cruz Mountains.

Final processing of the data for the second half of calendar
year 1982 is complete and those data are ready for
publication, as are the data from the Lake Shasta area for
1981 -~ 1984. Those data will be published as soon as
possible, either as separate volumes or as part of the data
that are being reprocessed (see item 3 below).

Since June 1986 this project has been involved in a combined
effort with personnel from many different projects. The
first purpose of this group endeavor has been to collect all
available seismic data pertaining to the more than 150,000
earthquakes that +the USGS has 1located in northern and
central California, mainly from 1969 to the present. Those
data will then be combined, checked for errors and
omissions, reprocessed as necessary, and finalized for
publication. It is estimated that reprocessing will take
six months to one year, which is much less time than would
be necessary for coordinating much of this group effort.
To date all of the data have been collected, had gross
errors corrected, and have been rerun through the location
program. Merging of the individual pieces of data is
underway.

For the time period April through September 1988 there were
from 0 to 8 events per day missed by the CUSP automatic
detection system, with an average of 2.9 missed each day.
These were added to the existing CUSP data base from the
back~-up magnetic tapes and processed using standard CUSP
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processing techniques. Most of the earthquakes that were
missed occurred in northern California, north of latitude 39
degrees. This is a particular problem in the north because
of telemetry noise that exists on those circuits. To avoid
producing an abnormally large number of false triggers in
the detection system the trigger thresholds are often set
higher than normal and therefore some of the real events are
missed by the automatic system.

5. Quarterly reports were prepared on seismic activity around
Monticello Dam, Warm Springs Dam, the Auburn Sam site and,
New Melones Dam for the appropriate funding agencies.

6. The maps of earthquake epicenters for Yellowstone park and
vicinity is now undergoing final review and revisions. It
is expected to be completed late this year.

Reports:

Pitt, A. M., (in press), Maps showing earthquake epicenters
(1964-1981) in VYellowstone National Park and vicinity,
Wyoming, Idaho, and Montana. U. S. Geological Survey,
Miscellaneous Field Studios Map, MF-2022, scale 1:250:000.
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WESTERN GREAT BASIN-EASTERN SIERRA NEVADA SEISMIC NETWORK
USGS Cooperative Agreement 14-08-0001-A0262

Principal Investigators: M. K. Savage and W.F. Nicks
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigations

This contract supported continued operation of a seismic network in the
western Great Basin of Nevada and eastern California, with the purpose of
recording and locating earthquakes occurring in the western Great Basin, and
acquiring a data base of phase times and analog and digital seismograms from
these earthquakes. Research utilizing the data base was performed under USGS
contract 14-08-0001-G1524 and is reported elsewhere in this volume.

Results
Development of the network

Figure 1 shows the network as of September 15, 1988. We are beginning the
process of expanding and updating our digital network and our recording facili-
ties. We plan to replace our existing 11/34-11/70 processing system with a sys-
tem developed by the USGS and Caltech based on a microvax cluster, the CUSP
{Caltech-USGS Seismic Processing system). The system is being configured for
the recording of a large number of digital stations, so that the CUSP data base
will eventually comprise all data being recorded at UNR. CUSP has been
installed on our microvax system and we are comparing triggers between the
11/34 and CUSP and testing the CUSP software. The CUSP system triggers less
often on noise spikes: we are in the process of fine-tuning the trigger to minim-
ize the percentage of noise triggers while continuing to trigger on events greater
than 10 seconds duratien.

Seismicity during report time

From April 1, 1988 through August 31, 1988, the University of Nevada
Seismological Laboratory located 1250 earthquakes (fig 2, 3). 328 events were
magnitude 2 or greater, 38 were magnitude 3 or greater, and 2 had magnitude
greater than 4 (4.1 on May 28 near Red Slate Mountain in the Sierran Block, and
4.2 on July 5 in Owens Valley north of Owens Lake). Most activity was associated
with the Long Valley Caldera area and the Mono Lakes area. Small swarms were
associated with the Red Slate Mountain event (May: 34 events), the Saline range
(May: 10 events), and the southern Long Valley caldera (9 events on July 14).
The Owens Valley earthquake was part of an increase in activity that began in
May, and is outside our station coverage. The activity near Warm Springs (figure
2) included a swarm in July and other events throughout the time period. Sta-
tion coverage is poor in that area, but the occurrence times suggest that the
events are earthquakes rather than mining blasts.

More detailed monthly reports of seismicity can be obtained by contacting
the laboratory. The bulletin for 1983-1984 was just completed, and that for
1984-1987 is near completion.
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Seismicity
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Regional Microearthquake Network in the
Central Mississippi Valley

14-08-0001-A0263

William V. Stauder and Robert B. Herrmann
Department of Earth and Atmospheric Sciences
Saint Louis University
P.O. Box 8099 - Laclede Station
St. Louis, MO 63156-8099
(314) 658-3131

Investigations

The purpose of the network is to monitor seismic activity in the Central Mis-
sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earth-
quakes occurred. The following section gives a summary of network observations
during the first six months of the year 1988, as reported in Network Quarterly
Bulletins No. 55 and 56.

Results

In the first six months of 1988, 56 earthquakes were located and 30 other
nonlocatable earthquakes were detected by the 42 station regional telemetered
microearthquake network operated by Saint Louis University for the U.S. Geologi-
cal Survey and the Nuclear Regulatory Commission. Figure 1 shows 56 earth-
quakes located within a 4 x 5 region centered on 36.5°N and 89.5°W. The magni-
tudes are indicated by the size of the open symbols. Figure 2 shows the locations
and magnitudes of 46 earthquakes located within a 15° x 1.5° region centered at
36.25°N and 89.75°W.

In the first six months of 1988, 101 teleseisms were recorded by the PDP
11/34 microcomputer. Epicentral coordinates were determined by assuming a
plane wave front propagating across the network and using travel-time curves to
determine back azimuth and slowness, and by assuming a focal depth of 15 kilom-
eters using spherical geometry. Arrival time information for teleseismic P and
PkP phases has been published in the quarterly earthquake bulletin.

The significant earthquakes occurring in the first six months of 1988 include
the following:

1. January 5 (1439 UCT). Southern Illinois. my, = 3.2 (NEIS). Felt (IV) at
Calhoun, Bridgeport, Lawrenceville, Olney and West Liberty, (III) at Birds,
Dundas, and Nobel, Illinois. Also felt at Chauncey, Claremont, and Summer,
Illinois.

2. January 31 (0012 UCT). Arkansas, my, = 3.5 (NEIS). Felt (V) at Leparts;
(IV) at Bay and Gilmore; (III) at Black Oak, Marked Tree, Rivervale, and
Tyronga, Arkansas.
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3. February 27 (1517 UTC). North of New Madrid. my, (3 Hz) = 3.0 (SLU).

4. March 10 (2124 UCT). Southern Illinois. my, (3 Hz) = 2.8 (SLU). Felt in
the Marion, Illinois area.

5. May 2 (1343 UTC). Marked Tree, Arkansas. my, (3 Hz) = 3.0 (SLU).
6. May 20 (2306 UTC). South-central Missouri. my, (3 Hz) = 3.4 (SLU).

7. June 25 (1502 UTC). North of New Madrid, Missouri. my, (3 Hz) = 3.0

(SLU).

The file of epicenter data available for study now includes 3,027 events
located since July 1974 in the 4 x s° area covered by the network. Of these, 2361
events occurred in the 15° x 15° area of the immediate New Madrid region. Since
digital data recording began in 1980, 1884 events have been located. Of these,
553 are of m, > 2.0 in the 4 X 5° area and 342 in the 1.5° X 1.5° area.
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Consolidated Digital Recording and Analysis
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Sam Stewart
Branch of Seismology
U. 8. Geological Survey
345 Middlefield Road, Mail Stop 977
Menlo Park, California 94025

Investigations

This project (usually referred to as the CUSP project) is
centered around developing and using computer-based hardware/software
systems to operate very large local seismic networks. Specifically,
the project is responsible for collecting, analyzing and storing data
from the USGS Central California Seismic Network. This network has
about 500 seismometers transmitting continuocusly to a central recording
point in Menlo Park. The system was conceived of, designed and developed
by Carl Johnson while in Pasadena. It has been modified considerably
by Peter Johnson, Bob Dollar and Sam Stewart to meet the specific needs
of Menlo Park. There are four principal areas of responsibility for
this project, as follows.

1. Daily processing of earthquake activity within the
Central California Network.

2. Development, upgrading and daily use of realtime earthquake
data acquisition systems.

3. Development of GKS-based interactive graphics systems
to process the earthquakes detected within the Central
California network.

4. Development of an integrated CUSP system, based on items
2 and 3 above, and installing and supporting this systam
at CUSP sites in Menlo Park, Parkfield (2 sites), Pasadena,
USC, and University of Nevada (Reno).

Results (keyed to the four categories above):

1. The CUSP system processed approximately 6300 earthquakes detected
online during the period March thru August. This is a lower seis-
micity level than usual. In addition, a few thousand noise events
that were detected had to be examined and deleted from the system
as well. In addition, we are reviewing and cleaning up older data,
using programs and techniques that were not available to us when
the system first started in April 1984. Events missed by the
online system (for various reasons) but recorded by the telemetry
analog tape system are being digitized and folded into the CUSP
data base.

2, A realtime earthquake detection system based upon DEC VAX hard-
ware and VMS operating systam has been under development for



Reports

a few years. It has now reached the point where it is the
primary online system for the USGS/CALTECH co-op project in
Pasadena, and is running as a secondary system at the University
of Nevada (Reno). It is also the primary data acquisition system
for the ’'Varian’ network in Parkfield, as part of the Parkfield
earthquake prediction experiment. It can easily detect events
in a 500-station network where each station is digitized at a

100 Hz rate.

A realtime alarm interface was written for the Rex Allen/Jim Ellis
RTP system now working in Pasadena. This interface takes the RTP
output, puts it into the CUSP database, computes locations and
magnitudes, and signals event alarms based upon criteria such as
event magnitude, location, swarm characteristics.

In June we took delivery of one DEC Vaxstation 3200 and two DEC
Vaxstation 2000’s. These are intended to replace the DEC PDP
11/44 systems currently used in Menlo Park for realtime event
detection and data analysis. We intend to use these systems in
a Local Area Vax Cluster (LAVC) arrangement, and to use the GKS
system as the foundation of a new interactive graphics analysis
system. So far we have gotten the real-time (RT) system
running on the 32-bit 3200, and are investigating simple
graphics routines written in GKS.

We are developing a "generic’ CUSP system that will be the
'official’ version distributed to other CUSP sites and used in
Menlo Park as well. At the end of this report period it was
undergoing final testing in Menlo Park and Pasadena. Having one
version makes it easier to maintain and distribute, and helps
assure compatibility of data exchanges among CUSP sites.

None.
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Seismic Monitoring of the Shumagin Seismic Gap, Alaska
USGS 14-08-0001-A0260

John Taber
Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964
(914) 359-2900

Investigations

Seismic data from the Shumagin seismic network were processed to obtain origin times, hypo-
centers, and magnitudes for local and regional events. The processing resulted in files of hypo-
center solutions and phase data, and archive tapes of digital data. These files are used for the
analysis of possible earthquake precursors, seismic hazard evaluation, and studies of regional tecton-
ics and volcanicity (see Analysis Report, this volume). Yearly bulletins are available starting in
1984.

Results

The Shumagin network was used to locate 637 earthquakes from January through August 25,
1988. The seismicity of the Shumagin Islands region for this time period is shown in map view in
Figure 1 and in cross section in Figure 2 (top). There were a total of 19 events over magnitude 4
during the time period. The largest event in this period within the network occurred on 3/25/88,
had a m, of 5.4, and was located just south of the Shumagin Islands at 54.68N, 159.64W The most
significant activity through August, 1988 was an earthquake sequence near Mt. Dutton volcano and
the town of King Cove (Figure 2, bottom). There have been no historic eruptions of Mt. Dutton,
nor are there any fumeroles or hot springs on the volcano. The only previous known activity was a
much smaller swarm of shallow earthquakes beneath Mt. Dutton starting in August, 1984 (Taber
and Jacob, USGS Open File Report 85-464, p. 32). That sequence peaked in September, 1984 and
continued at a somewhat elevated level through the fall of 1985. The largest event of the present
sequence had an m,=4.6 (NEIS). The distribution of epicenters forms a roughly linear zone which
extends in a SE direction about 10 km from the westem shoulder of the volcano. All events are
high frequency in character; there have been no low frequency volcanic earthquakes so far.

Otherwise the overall pattern over this time period is similar to the long term seismicity.
Concentrations of events occur at the base of the main thrust zone and in the shallow crust directly
above it. The continuation of the thrust zone towards the trench is poorly defined. West of the net-
work (which ends at 163°), the seismicity is more diffuse in map view and extends closer to the
trench. Eight of the 19 located events larger than magnitude 4 occurred in this westen region.
Below the base of the main thrust zone (45 km) the dip of the Benioff zone steepens. Part of the
double plane of the lower Benioff zone is evident between 50 and 100 km depth.

Servicing of the network was successfully completed in July. Two new seismic stations were
added to the telemetered network with the help of University of Alaska personnel to improve the
seismic monitoring of Mt. Dutton. The network is capable of digitally recording and locating
events as small as M,=04 with uniform coverage at the 2.0 level. Events are picked and located
automatically at the central recording site in Sand Point, Alaska and the results, along with subsets
of the digital data, can be accessed via telephone modem. Onscale recording is possible to “M,=6.5
on two telemetered 3 component force-balance accelerometers. Larger events are recorded by one
digitally recording accelerometer and on photographic film by 10 strong-motion accelerometers.
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Figure 2. Top: Cross-section of Shumagin network seismicity along line A-A’ in previous
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Expanded map view of Mt. Dutton seismicity (see previous figure for location). Only best
located crustal events from 7/20-7/25/88 and 8/8/88 are shown. Trend of epicenters is the
same as the direction of maximum horizontal compression resulting from subduction of Pacific

plate.
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Earthquake Hazard Research in the Greater Los Angeles Basin
and Its Offshore Area

#14-08-0001-A0264

Ta-liang Teng
Thomas L. Henyey
Egill Hauksson

Center for Earth Sciences
University of Southern California
Los Angeles, CA 90089-0740
(213) 743-6124

INVESTIGATIONS

Monitor earthquake activity in the Los Angeles Basin and the adjacent offshore
area. Upgrade of instrumentation for onscale recording of waveforms from local
earthquakes.

RESULTS
SCS:; The USC Seismograph Station in Los Angeles

The 1987 Whittier Narrows earthquake sequence demonstrated that moderate-sized
earthquakes can occur in the immediate vicinity of U.S.C.. Although the campus is a
relatively noisy site (located in the middle of the Los Angeles basin), we have installed in
our basement a 3-component L4C-Mark Products 1Hz seismometer and a vertical
component CMG-4 broad band strong motion seismometer (Figure 1). This is our new
stations SCS. Both of these instruments are wired directly to the TUSTIN 16 bit digitizer.
The L4C seismometer is recorded at two different gain levels 48db apart. It has already
provided waveforms on scale for several earthquakes such as the (M =5.2) Garlock fault
earthquake of 10 June 1988. Because the TUSTIN digitizer has a dynamic range of 90 db,
we expect to be able to record nearby My <6.0 earthquakes on scale. The CMG-4 has been
operating for one month and already we have high quality records from a Mp=4.2 San
Jacinto fault earthquake ( 2 July 1988) and the (M =3.8) Redondo Beach earthquake of 12
September 1988 (Figure 2). The onscale seismograms allow rapid determination of local
magnitude for larger events. These data are also the types of data we need for studying
ground motions and site effects at average to bad sites, where site effects may prove to be
destructive in future large earthquakes. Presently we are planning to compare the site
effects at U.S.C. with the site effects at the Pasadena station (PAS) as recorded by the
U.S.C. Streckheisen seismometers, which are installed on granitic bedrock. The station
PAS is an IRIS test station operated jointly by U.S.C., CIT and USGS.

The 01 January-15 September, 1988 Los Angeles Basin Seismicity

The Los Angeles basin seismicity has remained high during the first nine months of
1988. The 1988 seismicity from January through September 15 is characterized by
continued Whittier Narrows aftershocks and a new sequence located near Upland in San
Berardino (Figure 3). The (Mr, = 4.5) Upland main shock occurred on 26 June 1988. It
was followed by numerous aftershocks indicating distinctly different behavior from the
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Whittier Narrows sequence. The Upland sequence does not appear to be simply related to
the adjacent Sierra Madre fault that is a part of the frontal fault of the central Transverse
Ranges. A Mj =3.8 mainshock occurred offshore from Redondo Beach on 12 September
1988. It was followed by five aftershocks of M21.8 during the first three days of
aftershock activity. This sequence may be related the north end of the Palos Verdes fault or
to faults beneath the Redondo Platform, which is an anticlinal structure. In addition to
these mainshock-aftershock sequences there is scattered seimicity around the Newport-
Inglewood fault, the Whittier fault and offshore in Santa Monica Bay.

PUBLICATIONS
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USC SEISMOGRAPH STATION (SCS)
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Figure 1 Instrumentation in use at the USC seismograph station (SCS) located on the USC campus
in Downtown Los Angeles.
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Field Experiment Operations
2930-01170

John Van Schaack
Branch of Seismology
U. 8. Geological Survey
345 Middlefield Road M5-977
Menlo Park, California %4025
(419) 329-4780

Investigations

This project performs a broad range of management, maintenance,
field operation, and record Keeping tasks in support of seismoiogy and
tectonophysics networks and field experiments. Seismic field systems
that it maintains in a state of readiness and deploiys and operates in
the field (in cooperation with user projects) include:

a. S-day recorder portable seismic systems.
b. "Cassette” seismic refraction systems.
c. Portable digital event recorders.

This project is responsible for obtaining the required permits from
private landowners and public agencies for installation and operation of
network sensors and for the conduct of a variety of field experiments
including seismic refraction profiling, aftershock recording, teieseizm
P-delay studies, volcano monitoring, etc.

This project also has the responsibility for managing aii radio
telemetry frequency authorizations for the Office of Earthquakes,
Volcanoes, and Engineering and its contractors.

Personnel of this project are responsible for maintaining the
seismic networKs data tape library. Tasks includes processing daily
telemetry tapes to dub the appropriate seismic events and making
playbacks of requested network events and events recorded on the S-dav
recorders.,

Resul ts

Seismic_Refraction

The seismic cassette recorders were deployed in two seperate
experiments during this period. In the first experiment 120 recorders
were deployed along a line extending from South Central Oregon to a point
Just north of Beatty Nevada. The energy for the recordings was produced
from two large shots fired to test Russian recorders in the U.S. The
second experiment was carried out in New England during the month of
September along a line extending from Waterville Maine to Watertown New
York with an extension into Canada. The experiment was a cooperative




1.1

effort consisting of the U.S. Geological Survey, the Canadian Beological
Survey, and the U.S. Air Force Geophysics Lab in Massachussets. The
Canadian section was shot and recorded in Canada by the Canadian
Geological Survey. This same group also cooperated in recording two
sections of the line in the U.S. There were approximately 30 shots fired
at 23 seperate shotpoints over a two week period. The U.S5. Geological
Survey provided 120 recorders, the Geological Survey of Canada provided
about 150 recorders and the U.S. Air Force Geophysics Lab provided about
35 instruments. Shot size ranged from 2,000 1bs. to 6,000 Ibs. with
energy being recorded well at all recording locations.

Portable Networks

A temporary teleseismic network was deployed in central Arizona
during July 1988. The network consists of 13 five dar recorders and 10
telemetry sites. The network is scheduled to operate into November 1988.
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Geothermal Seismotectonic Studies
9930-02097

Craig S. Weaver
Branch of Seismology
U. S. Geological Survey
at Geophysics Program AK-50
University of Washington
Seattle, Washington 98195
(206) 442-0627

Investigations

1. Continued analysis of the seismicity and volcanism patterns of the Pacific
Northwest in an effort to develop an improved tectonic model that will be useful in
updating earthquake hazards in the region. (Weaver)

2. Continued acquisition of seismicity data along the Washington coast, directly above
the interface between the North American plate and the subducting Juan de -Fuca
plate. (Weaver, Yelin, UW contract)

3. Continued seismic monitoring of the Mount St. Helens area, including Spirit Lake
(where the stability of the debris dam formed on May 18, 1980 is an issue), Elk Lake,
and the southern Washington-Oregon Cascade Range (north of Newberry Volcano).
The data from this monitoring is being used in the development of seismotectonic
models for southwestern Washington and the interaction of the Basin and Range with
the Oregon Cascades. (Weaver, Zollweg, Grant, Norris, Yelin, UW contract)

4. Study of Washington seismicity, 1960-1969. Earthquakes with magnitudes greater
than 4.5 are being re-read from original records and will be re-located using master
event techniques. Focal mechanism studies are being attempted for all events above
magnitude 5.0, with particular emphasis on the 1962 Portland, Oregon event. (Yelin,
Weaver)

5. Detailed analysis of the seismicity sequence accompanying the May 18, 1980 erup-
tion of Mount St. Helens, including about 500 deep earthquakes (>3 km) that
occurred prior to May 18. Earthquakes are being located in the ten hours immediately
following the onset of the eruption, and the seismic sequence is being compared with
the detailed geologic observations made on May 18. Re-examination of the earth-
quake swarms that followed the explosive eruptions of May 25 and June 13, 1980,
utilizing additional playbacks of 5-day recorder data. (Weaver, Zollweg, Norris, UW
contract)

6. Study of earthquake catalogs for the greater Parkfield, California region for the
period 1932-1969. Catalogs from the University of California (UCB) and CalTech
(CIT) are being compared, duplicate entries noted, and the phase data used by each
reporting institution are being collected. The study is emphasizing events greater than
3.5, and most events will be relocated using station corrections determined from a set
of master events located by the modern networks. (Meagher, Weaver, with Lindh,
Ellsworth)

7. Study of estuaries along the northern Oregon coast in an effort to document prob-
able subsidence features associated with paleosubduction earthquakes (Grant).
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Results

1. Spatial, temporal, and compositional distributions of approximately 4000 volcanic
vents formed since 16 Ma in Washington, Oregon, northern California, and
northwestern Nevada illustrate the evolution of volcanism related to subduction of the
Juan de Fuca plate system and extension of the Basin and Range province into the
area of the Cascade volcanic arc. Using the subset of volcanic vents less than 5 Ma,
the Cascade Range is divdided into five segments, with the vents of the High Lava
Plains along the northern margin of the Basin and Range in Oregon forming a sixth
province (Figure 1). Some aspects of the Cascade Range segmentation can be related
to gross structural features of the subducting Juan de Fuca plate system. First, the
orientation of the volcanic frount of segments one and two (Figure 1) changes from
NW in northern Washington to NNE in southern Washington, paralleling the strike of
the subducting Juan de Fuca plate. Second, the 90-km gap in late Cenozoic volcanism
between segments one and two is landward of the portion of the subducting plate that
has the least average dipe to a depth of 60 km (Figure 1). Third, the narrow, N-S
striking belt of predominantly andesitic vents in Oregon constitutes the third segment,]
and is landward of the seismically quiet portion of the subduction zone. Fourth, vol-
canic vents are sparse between segment four (Mount Shasta and Medicine Lake) and
segment five (Lassen Peak area) where the Juan de Fuca and Gorda North plates are
characterized by differing age, amounts of subcrustal seismicity, and probably plate
geometry.

2. A total of 223 local and regional earthquakes were located using data from a 6-
station telemetered seismic network installed at Nevado del Ruiz, Colombia, shortly
after the disastrous 1985 eruption. These locations represent the best-recorded high
frequency or tectonic-like earthquakes to occur through early May, 1986. Earthquake
activity that may be related to volcanic processes occurs over a large area, about 50
km? (Figure 2). Seismicity observed during the study period is largely unrelated to
mapped faults, including some with late Holocene displacement. An exception is the
Villamaria Fault, which is mapped across Ruiz’s northeast sector and is associated with
an epicenter lineation a few kilometers long. Composite focal mechanisms for three
areas under or adjacent to the volcano indicate Ruiz is in a zone of local extension
with a variation of nearly 90 ° in the strike of T-axes. Epicenter and first motion plots
demonstrate that earthquake activity is occurring on a number of faults of varying
orientation, and suggest that the volcano’s plumbing system is poorly integrated. No
clear evidence was found for a conduit system. High frequency earthquake activity at
Ruiz does not have a well-defined relationship to eruptive activity and may not be use-
ful in prediction efforts.

3. The Masscomp 5600 computer system has been fully implemented at the Univer-
sity of Washington to both collect digital seismic data from the UW seismic network
and to handle the routine analysis of that data. We continue to run a DEC 11/34 to
backup the data acquisition.

Reports

Grant, W. C. and Weaver, C. S., Seismicity of the Spirit Lake area: Estimates of possi-
ble earthquake magnitudes for engineering design, in The formation and
significance of major lakes impounded during the 1980 eruption of Mount St. Helens,
Washington, U. S. Geological Survey Professional Paper, edited by R. L Shuster
and W. Meyer, (still in press).

Guffanti, M. and C. S. Weaver, Distribution of late Cenozoic volcanic vents in the
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Figure 1: Map showing plate tectonic features of the Juan de Fuca-North American subduction
system and the volcanic arc segmentation model. Open arrows show ridge-spreading directions;
solid arrows shows direction of convergence between the Juan de Fuca and North American
plates. Numbers refer to volcanic arc segments; segment 6 is along the northern margin of the
High Lava Plains. Dashed lines indicate uncertainty. The 40- and 60-km contours (dashed
where higher uncertainty exists) show depth of seismicity in the upper part of the Gorda and
Juan de Fuca plates. Volcanic front (v.f.) is indicated by light line along westernmost edge of
volcanic vents (dashed where few vents, queried where uncertain). Bold triangles are major
Quaternary stratovolcanoes except in British Columbia where bold crosses show generalized
locations (detailed vent maps are in preparation for these centers). Pluses, basalt; squares,
andesite; triangles, dacite; circles, rhyolite.
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between December, 1985, and May, 1986.
Only better quality solutions are plotted.
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Strong Ground Motion Data Analysis
9910-02676

J. Boatwright, and L. Wennerberg
Branch of Engineering Seismology and Geology
U. S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5609, 329-5607, 329-5659

Investigations

1.

3.

Analyses of the aftershock sequence from the November 24, 1987, Superstition Hills,
California, earthquake.

Theoretical investigation of the earthquake rupture process, with application to locating
subevents of a complex rupture process.

Modeling the high-frequency acceleration radiated by extended seismic sources.

Results

1.

Twelve GEOS digital event recorders were deployed at 21 different sites in the epicentral
area of the Superstition Hills earthquakes. The sites included a liquefaction array on the
floodplain of the Alamo River, three of the stations of the El Centro Accelerograph array,
and five other permanent strong motion accelerograph stations. Approximately 400
aftershocks, whose magnitudes ranged from 1.0 to 4.6, were recorded during the two week
deployment. The recordings of the aftershocks are being collated to determine a complete
set of Green’s functions for modeling the mainshock rupture process. The apparent
complexity of the body-wave propagation in the area, particularly for seismic sources at
shallow depths (< 3 km) indicates that exploiting the aftershock recordings to obtain
Green’s functions is far moré efficient than trying to determine a sufficiently detailed
(3-dimensional) velocity model for the region.

An inversion procedure for determining the time history of subevents in a complex earth-
quake rupture process has been developed, following the theoretical work of Boatwright
(1988). The complex rupture is decomposed into the rupture of a set of discrete subevents.
The slip associated with the stress release of the subevent is calculated by modeling the
subevent as an asperity. To model the subevent radiation, aftershock recordings are
causally filtered to enhance their low frequency content. The method of inversion incor-
porates positivity constraints for the stress drops of the subevents. The set of subevents is
determined inductively, where the amplitudes of the subevents are resolved iteratively each
time a new subevent is added to the solution. A statistical test for the reduction of variance
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is used to limit the number of subevents. This inversion procedure is presently being
applied to a set of accelerograph recordings of the 1976 Friuli, Italy, earthquake sequence,
in cooperative work with Dr. Massimo Di Bona, an italian seismologist.

The inversion theory has also been extended to determine the spatio-temporal distribution
of subevents in an earthquake. A multiply recorded aftershock of the 1983 Coalinga,
California, earthquake has been decomposed into a sequence of 20 subevents, using a
smaller aftershock as the Greens’ function. The inversion procedure follows the iterative
scheme outlined above for the single station recordings, except that an areal grid of
possible subevents are considered. The initial results from this analysis yield sources
which are far more diffuse than expected. This diffusion is being addressed by incor-
porating a compactness constraint in the inversion.

3. The theory derived by Boatwright (1982) has been extended to analyze the acceleration
radiated by extended faults. In contrast to kinematic treatments, where the source excita-
tion is obtained from the distribution of the slip velocity multiplied by the radiation pattern,
in the high-frequency analysis, the source excitation is obtained from the distribution of the
dynamic stress drop multiplied by a high-frequency radiation pattern which incorporates
directivity and crack diffraction effects. By specifying the approximate rupture history, the
high-frequency analysis yields an envelope for the radiated acceleration. The method has
been tested using a computer model of a 3-D dynamic rupture (Boatwright and Quin,
1986). The technique is presently being applied to accelerograph recordings of the 1980
Irpinia, Italy, earthquake.
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Earthquake Hazard Investigations in the Pacific Northwest
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Investigations

The objective of this research is to investigate earthquake hazards in westem Washington,
including the possibility of a large subduction-style earthquake between the North American and
Juan de Fuca plates. Improvement in our understanding of earthquake hazards is based on better
understanding of the regional structure and tectonics. Current investigations by our research group
focus on the configuration of the subducting Juan de Fuca plate, differences in characteristics of
seismicity between the overlying North American and the subducting Juan de Fuca plates, deter-
mination of regional stresses through analysis of earthquake focal mechanisms, and modeling of
lateral velocity variations in the shallow crust. Research during this contract period concentrated
on the following topics:

1. Tomographic inversion of earthquake travel times to determine 3-D velocity structure in the
Puget Sound Region.

2. A semi-automated method of determining accurate relative phase arrival times for teleseisms
recorded on regional networks.

3. Modeling 3-D kinematic flow of the subducted slab.

Results

1. We are investigating the three dimensional seismic velocity structure of western Washington
using tomographic techniques. Delay times of local earthquake phase arrivals at Washington
Regional Seismographic Network stations are inverted to determine velocity structure. Approxi-
mately 30 thousand source-receiver pairs were used in the western-Washington inversion. Initial
results indicate high velocity structures that correlate with the Crescent formation along the eastemn
flank of the Olympic Peninsula. A low velocity lineation beneath Puget Sound is evident down to
16 km depth, possibly reflecting sediment accumulation. The tomographic velocity inversion is
part of the Ph.D. research of Jonathan Lees. An article detailing inversion results in the Mount
St. Helens area has been submitted to the JGR.

2. We have developed a semi-automated method of determining accurate relative phase arrival
times for teleseisms recorded on regional networks. Our analysis begins by obtaining preliminary
arrival times with a single-trace phase picking algorithm. For each possible pair of traces we then
perform a ‘‘quick search’’ for the maximum of their cross-correlation function in order to obtain
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relative delay times. Best results are obtained by using the first 3-4 sec of the major energy pulse
of the phase. The cross-correlation derived delay times are then used to generate an over-
determined system of linear equations whose solution is an optimized set of relative arrival times.
A least-squares criteria is used to solve for these times. This procedure is effective in eliminating
cycle skipping through the re-evaluation of cross-correlation functions which yield high residuals.
Quantitative estimates of timing uncertainty are obtained from the variance of the residuals associ-
ated with each trace.

Utilizing data from the Washington Regional Seismograph Network we have found that, for
reasonably good events, the rms uncertainty in arrival time estimates is on the order of the sample
interval (.01 sec). Reproducibility of delay anomalies is excellent for events from the same geo-
graphic locations despite differences in waveform and in frequency spectra. A paper on the use of
this technique to study the deep velocity structure of the Cascadia subduction zone has been sub-
mitted to the BSSA. This work is part of the Ph.D. research of John VanDecar.

3. A wide variety of geophysical investigations including the accurate location of earthquakes,
teleseismic receiver-function analyses, reflection profiling, tomographic inversion of teleseismic
travel times and electromagnetic analyses are beginning to delineate the geometry of the subduct-
ing Cascadia slab. This task has proven difficult because only a small part of the slab is seismi-
cally active. This activity is concentrated beneath the Puget Sound region where it extends to a
depth of 100 km. The slab appears to have a shallow dip (~10-12°) beneath the Olympic Penin-
sula and Puget Sound and a much steeper dip (~15-20°) to the north and south of this area form-
ing an arch. Coincident with the latitude of the arch, the trench bends concave oceanward by 35°.
We have constructed 3-D kinematic flow models of the subducting slab that minimize the in-plane
strain rates associated with deforming the oceanic plate (spherical shell) into a predefined shape
(observed slab geometry). Two important results have emerged: 1) The strain rates are smaller for
the arch geometry than for a slab with a constant dip of 20° everywhere along the trench. 2) The
strain rates reach a peak value of 2*107'%/s and are concentrated beneath the Olympic Peninsula
and Puget Sound, coinciding with the region of seismic activity within the slab. Thus, to first
order it appears that the slab shape and slab seismicity distribution are controlled by the in-plane
strains associated with the atypical trench curvature. (Most trenches have the opposite sense of
curvature.) In this analysis, we have specified the slab geometry a priori and have assumed the
slab is infinitely thin, thus ignored bending strains. We are extending the analysis to include a
slab with finite thickness. The new formulation will be used to determine the slab geometry that
minimizes the the in-plane and bending strain rates, given the trench geometry and the slab
geometry at two cross sections, say below Vancouver Island and Oregon. Similar calculations for
the Aleutian slab explain the along-arc distribution of recent andesitic volcanism, seismicity cutoff
depth, and the focal mechanisms and seismic moment release of intermediate-focus earthquakes
[Boyd and Creager, 1988]. Three-dimensional kinematic flow calculations have the potential of
explaining a wide variety of geophysical observations in the Cascadia subduction zone as well.
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Comparative Earthquake and Tsunami Potential for Zones
9600-98700
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U.S. Geological Survey
Denver Federal Center
Box 25046, Mail Stop 967
Denver, Colorado 80225
(303) 236-1506

Investigations

1. Prepare a comprehensive map detailing comparative earthquake risk for
the circum-Pacific region.

2. Develop a working model for the interaction between forces that drive
plate motions and the occurrence of great subduction zone earthquakes.

3. Compile tsunami data for the circum-Pacific and the corresponding
seismic source zones.

4. Develop methods for the rapid estimation of the source properties of
significant earthquakes.

5. Develop methods for improving significance and accuracy of determining
probability of earthquake recurrence.

Results

1. A comprehensive map "Circum—-Pacific Seismic Hazards Forecast,” has been
prepared by Dr. Nishenko that details the probabilities of large-earthquake
recurrence within the next two decades for the entire circum—-Pacific. It is
based on studies of historic repeat time carried out under this project, as
well as data drawn from papers published in the open literature. Work on
this map that has been in progress this year include a probability study for
the Mexican subduction zone (Nishenko and Singh, in press). In preparation
is a paper by Drs. Nishenko and McCann, who have identified areas of high
seismic hazard in SW New Britain, San Cristobal, and the central Tonga arc.
Data collection and analysis should be finished by late 1988. Data on the
occurrence of great earthquakes and tsunamis from the Queen Charlotte
Islands to the Aleutian Islands have been collected and a paper describing
the evaluation of probabilistic recurrence for this region is also being
prepared by Drs. Nishenko and Jacob.

2. In evaluating potential earthquake damage, the probabilistic assessment

can be complemented by an understanding of the rupture mechanics of such
earthquakes. Mendoza and Hartzell (1988) have studied the source character-
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istics of the Michoacan earthquake of September 1985. They conclude that
rupture during moderate-to—large earthquakes involves stress heterogeneity
along the fault surface.

3. Several tsunami catalogs have been gathered prior to compilation of a
comprehensive tsunami catalog. 1In cooperation with NOAA, Dr. Nishenko has
designed a form for systematically gathering and analyzing tsunami data.
Currently, there is no uniform approach for this data acquisition.

4. We have incorporated algorithms into NEIC operations that now permit the
analysis of broadband data for all earthquakes with magnitude greater than
5.8. We have begun a program to systematically compute radiated energy for
earthquakes with magnitude greater than 5.8. In the past six months, radi-
ated energy has been computed for 57 earthquakes. Choy and Boatwright
(1988) have developed a method for determining maximum expected acceleration
levels from teleseismic data. These estimates will fill the void due to the
lack of near-field recording in regions of high seismic risk.

5. Drs. Nishenko and Buland have completed a paper to improve the methodol-
ogy of determining the probability of earthquake recurrence.
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Investigation

This program focuses on the highly active seismic zone between the Pamir and Tien Shan
mountain belts in Soviet Central Asia. The Garm region, shown in Figure 1, is located directly
atop the collisional boundary between the Indian and Eurasian plates, and is associated with a
dense concentration of both shallow and intermediate-depth earthquakes. Since the early 1950's,
Garm has been the home of the Complex Seismological Expedition (CSE), whose primary mission
is the prediction of earthquakes in the USSR (Nersesov er al., 1979). Beginning in 1975, the
USGS, in cooperation with the CSE, has operated a telemetered seismic network nested within a
stable CSE network that has operated in the area for over thirty years. The fundamental aims of the
present research project are: (1) to elucidate the structures and processes involved in active
deformation of the broad collisional plate boundary, and (2) to examine the temporal variations in
seismicity near Garm, in the form of changing spatial, depth, and stress distribution of
microearthquakes that precede larger events. The data base for this study includes the combined
resources of the global, regional, and local seismic networks.

Results

Spatial Distribution of Earthquakes. All work reported here is predicated on the
compilation, still in progress, of earthquake catalogs from five distinct sources: (1) Historical
earthquake catalogs of Central Asia, including all events of Mg > 6, from a variety of historical
earthquake sources; (2) global seismicity catalogs, from the ISC and PDE bulletins and their
precursors; (3) the Soviet regional catalog ("Earthquakes in the USSR," Acad. Sci. USSR), which
covers an area of approximately 15° by 25° and includes over 30,000 events since 1962 (compiled
in collaboration with D.W. Simpson, Lamont-Doherty Geol. Obs.); (4) the CSE network covers
an area of about 2° square surrounding Garm, and has recorded over 70,000 events since the early
1950's; (5) the USGS/CSE network 1is a telemetered seismic network located over the highly
active Peter the First Range (Wesson et al., 1976) and provides the most precise spatial
information on earthquake distribution for an area about 1° square.

Our work during this period has focused on analysis of regional seismicity patterns,
compilation of refined hypocentral locations from the two local networks at Garm, and analysis of
space-time patterns within a series of well recorded aftershock sequences in the Garm region.
Large, shallow earthquakes within Soviet Central Asia (Figure 1) are concentrated near the edges
of the Pamir and Tien Shan mountain belts. Near Garm, these two zones coalesce to form a single
dense nest of activity beneath the Peter the First Range, which is a highly deformed sedimentary
terrane sandwiched between the converging Pamir and Tien Shan crystalline massifs. Despite the
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obvious geological complexity of the area, teleseismic earthquake focal mechanisms document an
overall pattern of north-south shortening along east-trending thrust and reverse faults. We used
Roecker and Ellsworth's program, VELEST, to simultaneously invert for improved hypocentral
parameters, station corrections, and one-dimensional P- and S-wave velocity structure beneath the
Peter the First Range. We then relocated earthquakes (using Lahr's (1988) single-event location
program HYPOELLIPSE) for the two networks using the revised velocity models and station
corrections obtained from VELEST. To date, we have completed locating all events from the
USGS network, 1975-1982, including some 1600 events that post-date the previous compilation
by Pelton and Fischer (1981). The CSE catalog is complete for the same period, including over
15,000 events of magnitude greater than 1.0.

The relocated earthquake catalogs indicate an extremely dense concentration of seismicity
within the thick sedimentary sequence underlying the Peter the First Range (Figure 2). The best
constrained earthquake depths in the Garm region are largely restricted to the upper crust (3-16
km), with a small number of well located events extending to 25 km depth. A very few events,
mostly outside the networks, may be as deep as 35 km, but there is little evidence for deeper
midcrustal seismicity that has been suggested by teleseismic studies (Nelson et al., 1987).
Earthquakes within the Peter the First Range appear to concentrate near its axial zone, coinciding
with the Peter the First thrust fault. One very striking basement fault (at depths > 20 km) cuts
across the structural grain of the Peter the First Range, parallelling the sharp northwesterly trending
segment of the Obi-Khingou River. Other deep earthquakes, located beneath the Peter the First
Range, suggest a southward-dipping seismic zone associated with the underthrusting passive
continental margin of Eurasia (Figure 3). This southward-dipping zone suggests a continuation of
the intermediate-depth Wadati-Benioff Zone beneath the Pamir Range to the south.

Aftershock Properties. During the eighteen years of CSE network data that we currently
have access to (1969-1986), a series of moderate to large events (ML, > 4.5) occurred within or
close to the CSE network at Garm (Figure 4). In order to characterize the patterns-of aftershock
occurrence in this unusual tectonic environment, we examined ten of these earthquakes, including
the large 1984 Dzhirgital earthquake (Mg = 6.3), which occurred approximately 50 km to the
northeast of the network. We identified aftershocks using two alternative approaches: (1)
identification of a rigid space-time window following each mainshock, within which all events are
considered aftershocks. Here the time window was arbitrarily defined as 90 days, and the spatial
window varied with the size of the aftershock zone; (2) application of a newly devised algorithm
that effectively separates aftershock activity from the "background” seismicity that would have
occurred during the aftershock sequence (described by Eneva and Hamburger, 1988). This
method provides a much more conservative estimate of aftershock productivity.

Independent of the method used, aftershock productivity has proven to be highly variable
in this complex collisional zone (Table 1, Figure 4). Seven of these events, with magnitudes
ranging from 4.5 to 5.5, produced -from 80 to 430 aftershocks with ML, > 1.0. The larger
Dzhirgital earthquake produced over 800 aftershocks. All eight of these sequences showed a
characteristic decay in time, following the modified Omori's Law (Utsu, 1961), with decay
constants ranging from 0.54 for the Dzhirgital event to a high of 0.7. Two other events were
completely anomalous in their aftershock productivity: (1) a magnitude 4.5 earthquake at a depth
of 36 km that had no associated aftershock activity, and (2) a magnitude 5.2 event at a depth of less
than 1 km with fewer than ten aftershocks. These observations were corroborated by the
distribution of larger events (M, > 2.5) reported by the Soviet regional network. The unusual
location of the two earthquakes (both occurred at the southwestern edge of the CSE network), and
their unusual depths (they were the deepest and shallowest events studied) suggest that the
aftershock properties of the Garm region may be controlled by local variations in lithology, pore
pressure, and stress conditions that are superimposed on the pressure/ temperature conditions that
influence rock strength.
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Figure 1. Teleseismically located earthquakes and active faults of the Garm region, Earthquakes recorded from 1964-
1984 and located by > 20 stations, are from the ISC catalog. Open circles represent earthquakes at < 70 km
depth; filled circles: h > 70 km. Fault maps are adapted from Keith et al. (1982) and Wesson (1988). Dashed
ellipses indicate aftershock zones of 1974 Markansu and 1978 Alai Valley earthquakes. Heavy arrow shows the

location of Garm.
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Figure 2. Map of earthquakes recorded by the CSE network during one representative year (1981). Earthquakes have
been classified by location quality: Filled circles - A’ quality; shaded circles - "B’ quality; open circles - 'C’
quality; crosses - 'D' quality. Triangles show locations of CSE seismic stations. Heavy lines show locations of
cross sections.
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Figure 3. Northwest-southeast cross section_across the Peter the First Range near Garm. The width of the cross
section is 10 km. Earthquakes are classified by grade: filled circles - ‘A’ quality; shaded circles - ‘B’ quality;
filled circles - ‘C' quality. Note the pronounced gap in activity between about 12 and 17 km depth and the
apparent southward dip in activity beneath the gap.



Figure 4. Large and moderate-sized earthquakes (ML, > 4.5) in the Garm region, 1969-1986. Earthquake locations

are from the original CSE catalog. Large circles represent mainshocks and small circles represent aftershock
sequences. Numbers denote earthquakes listed in Table 1.

TABLE 1
Garm Aftershock Properties

Event Date Magnitude N n p
1 690322 55 205 194 0.66

2 741208 4.5 8 1 *

3 750609 5.2 24 8 *
4 760710 4.8 74 62 0.67
5 760903 5.1 126 102 0.70
6 771225 5.0 215 157 0.63
7 780926 4.6 65 32 0.70
8 791020 4.5 83 47 0.61
9 830226 52 104 69 0.62
10 841026 6.3 862 849 0.54

N = Total number of earthquakes (3 months of aftershocks)
n = Number of aftershocks (N - background activity)

p = Decay constant in Omori’s Law

* - Insufficient data to estimate p
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Analysis of Earthquake Data from the Greater Los Angeles Basin and
Adjacent Offshore Area, Southern California
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(213) 743-7007

INVESTIGATIONS

Seismotectonic analysis of earthquake data recorded by the USC and CIT/USGS
networks during the last 14 years in the greater Los Angeles basin. Improve models of the
velocity structure to obtain more accurate earthquake locations including depth and to
determine focal mechanisms. Studies of the earthquake potential and the detailed patterns of
faulting along major faults in the metropolitan area and adjacent regions.

Analysis of the October 1987 Whittier Narrows (M] = 5.9) earthquake sequence in
the Los Angeles metropolitan area has been completed.

RESULTS

The October 1, 1987 Whittier Narrows earthquake (M =5.9) was located at 34°
2.96'N, 118° 4.86' W,at a depth of 14.6 km in the northeastern Los Angeles basin (Figure
1). The focal mechanism of the mainshock derived from first motion polarities showed
pure north over south thrust motion on east striking nodal planes with dips of 25°+5° and
65°+5°, respectively. The aftershocks define an approximately circular surface that dips
gently to the north, centered at the hypocenter of the mainshock with a diameter of 4 km, a
small rupture surface for an earthquake of this magnitude in California. Hence the spatial
distribution of the mainshock and aftershocks as well as the focal mechanisms of the main
shock indicate that the causative fault was a gently dipping thrust fault with an east strike,
and is confined to depths from 12 to 15 km. This blind thrust fault was not recognized as a
seismogenic fault prior to the earthquake. Although most of the 59 aftershock focal
mechanisms document a complex sequence of faulting, they are consistent with block
motion caused by the thrust faulting observed in the mainshock (Figure 2). A cluster of
reverse faulting events on north striking planes occurred within hours of the mainshock, 2
km to the west of the mainshock. The largest aftershock Mp.=5.3 occurred on October 4
and showed right-lateral faulting on a north-northwest striking plane within the hanging
wall above the mainshock fault plane. Similarly several left-lateral focal mechanisms are
observed near the eastern edge of the mainshock rupture. The mainshock and most of the
aftershock focal mechanisms thus describe thrust faulting on a west striking plane with
north over south movement, while the largest aftershock and several smaller aftershocks
define a steeply dipping north to north-northwest striking fault that may have confined the
slip of the mainshock. The earthquake and calibration blast arrival time data were inverted
to obtain two refined crustal velocity models and a set of corresponding station delays.
When relocating the blast using the new models and delays, the absolute hypocentral
location bias is less than 0.5 km. The mainshock was followed by under 500 locatable
aftershocks, which is an unusually small number of aftershocks for this magnitude
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mainshock. The decay rate of aftershock occurrences with time was unusually fast, while
the b-value was unusually low or 0.81+0.05 for a Los Angeles basin sequence.
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Seismic Source Characteristics of Western States Earthquakes
Contract No. 14-08-0001-21912
Donald V. Helmberger

Seismological Laboratory
California Institute of Technology
Pasadena, California 91125
(818) 356-6998

Investigation

A study on the characteristics of pre and post- 1962 Western U.S.
earthquakes is continuing with special emphasis on clusters. The
study has begun with well recorded modern events (post-1962) and will
proceed to (pre-1962) events later. Four major tasks will be addressed
in this funding cycle. These tasks are:

1.) Extended analysis of low-gain recordings of earthquakes
occurring in the Imperial Valley and Northern Baja; to
fix the depths of main energy release (asperity concen-
tration).

2.) Analysis of body waves at all ranges using direct
inversion for fixed earth models, application of the
intercorrelation method to measure differences between
events and develop master events per region.

3.) Analysis of historic events (pre-1962) using the same
methods (masters) but on a more regional basis.
4.) Reassessment of events with sparsely recorded strong

motions using more accurate Green's functions computed
from laterally varying earth models.

Results

Significant progress has occurred on all four tasks with particu-
lar interest being given to the recent Superstition Hills events, 23
and 24 November 1987, as well as older events in this same region.
Three types of data are being collected and analyzed, namely strong-
motions recorded in Imperial Valley, teleseismic (De Bilt and US) and
Caltech's strong-motion Wood-Andersons. The latter issue is discussed
in a paper on modeling regional seismograms submitted for publication.
An abstract of this work is given below. This is followed by a brief
review of a paper on waveform modeling of the Superstition Hills
events.

a) Modeling Regional Love Waves: Imperial Valley to Pasadena
Long period seismograms recorded at Pasadena of earthquakes
occurring along a profile to Imperial Valley are studied in terms of

source phenomena (e.g., source mechanisms and depths) versus path
effects. Some of the events have known source parameters, determined
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by teleseismic or near-field studies, and are used as master events
in a forward modeling exercise to derive the Green's functions (SH
displacements at Pasadena that are due to a pure strike~slip or
dip-slip mechanism) that describe the propagation effects along the
profile. Both timing and waveforms of records are matched by synthe-
tics calculated from 2-dimensional velocity models. The best 2-dimen-
sional section begins at Imperial Valley with a thin crust containing
the basin structure and thickens towards Pasadena. The detailed
nature of the transition 2zone at the base of the crust controls the
early arriving shorter periods (strong motions), while the edge of the
basin controls the scattered 1longer period surface waves. From the
waveform characteristics alone, shallow events in the basin are easily
distinguished from deep events, and the amount of strike-slip versus
dip-slip motion is also easily determined. Those events rupturing the
sediments, such as the 1979 Imperial Valley earthquake, can be recog-
nized easily by a 1late-arriving scattered Love wave that has been
delayed by the very slow path across the shallow valley structure.

b) Waveform Modeling of the November 1987 Superstition Hills
Earthquakes

Long period body wave data recorded at teleseismic distances and
strong-motion data at Pasadena for the Superstition Hills earthquakes
of 23 (EQl) and 24 (EQ2) November 1987 are modeled to obtain the
source parameters. At all distances the first earthquake appears to a
simple left-lateral strike-slip event on a fault striking NE. It is a
relatively deep event with a source depth of 10 km. It has a tele-
seismic moment of 2.7 x 1025 dyne cm and a modest stress drop. The
second and more complex event was modeled in two ways: by using EQl as
the Green's function and by using a more traditional forward modeling
technique to create synthetic seismograms. The first method indicated
that EQ2 was a double event with both subevents similar, see Figures 1
and 2, but not identical to EQl and separated by 7 + .5 seconds. From
the synthetic seismogram study we obtained a strike of 305° for the
first subevent and 320° for the second. Both have dips of 80° and
rakes of 175°. The first subevent has a moment of 3.6 x 1022 which is
half that of the second. We obtain depths of 10 and 6 km for the
first and second subevents respectively. The teleseismic data give a
30 km north-south subevent separation, which would allow the subevents
to occur on conjugate faults. The strong motion data at PAS however,
imply a much smaller source separation.
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S
Nov. 23, 1987 SS
gain = 1600
60 sec

Nov. 24, 1987
gain = 1600
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Apr. 9, 1968
gain = 850

60sec

Figure 1: SH data recorded at STJ for EQl, EQ2 and the 1968 Borrego
Mountain event. The data are plotted at the correct relative
amplitudes of the original records. Note that the magnification
has changed since 1968. These teleseismic records indicate that
EQ2 may consist of two subevents similar to EQl, but with the
second subevent larger than the first.
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STJ (SH)

Nov. 23, 1987

Nov. 24, 1987

Apr. 9, 1968
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Figure 2: The middle trace is the SH data at STJ for EQ2. The upper

trace is the data for EQl added to itself with a 9 sec. delay and
with the delayed event being twice as large as the first. The
lower trace is the same as the wupper but is for the Borrego
Mountain earthquake. Amplitudes are normalized so that the
maximum S amplitude is the same on all three traces. The ratio of
S; to So changes with azimuth indicating non-planar faulting.
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Tectonics of Central and Northern California
9910-01290

William P. Irwin
Branch of Engineering Seismology and Geology
U. S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
(415) 329-5639

Investigations

1.

4.

1.

A reconnaissance geologic map of the Pilot Creek 15-minute quadrangle, Humboldt and
Trinity Counties, California.

A geologic compilation of the Klamath Mountains and adjacent areas in northwestern
California and southwestern Oregon for purposes of tectonic analysis.

The distribution of radiolarian-bearing chert deposits in the California Coast Ranges.

Preparation of a field trip guidebook.

Results

The reconnaissance geologic map of the Pilot Creek quadrangle was prepared in collabora-
tion with K. R. Aalto of Humboldt State University and H. M. Kelsey of Western Wash-
ington University. The quadrangle straddles the South Fork fault which forms the boun-
dary between the Coast Ranges to the southwest and the Klamath Mountains to the north-
east. The Coast Range portion of the quadrangle is composed of South Fork Mountain
Schist and Franciscan rocks, and the Klamath mountains portion includes Galice Forma-
tion and Rattlesnake Creek terrane. In addition to the South Fork faults, the Coast Range
portion of the quadrangle contains other major fault and shear zones including the well--
known Grogan fault. The map was revised for reproduction and distribution.

Compilation of the geology of the Klamath Mountains (scale 1:500,000) from various
source maps and preparation of the peripheral explanatory material has been completed.
The map is planned for publication in the Miscellaneous Geologic Investigations map
series. The map was revised following technical review and is now being reviewed by
Geologic Names Unit.
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3. Samples of radiolarian chert have been collected from the main exposures of Franciscan
rocks in the central and southern coast ranges for the purpose of extending and refining the
known distribution of the Lower Jurassic chert. The Lower Jurassic chert, which is the
oldest paleontologically dated rock of the Franciscan assemblage, has previously been paid
scant attention, but its pattern of distribution may possibly provide important information
relating to large tectonic dislocations of the Franciscan rocks on either side of the Salinian
block. The study is in collaboration with C. D. Blome and M. J. Rymer.

4. A chapter of a guidebook for the International Geological Congress, 1989, was prepared.

It consists of a description of the Klamath Mountains terranes, and a roadlog for a traverse
along Highway 36 across the southern part of the province.

Reports

Irwin, W.P., Terranes of the Klamath Mountains, California and Oregon: [International Geologic
Congress, 1989, Field Guidebook, submitted to collector of papers.

Aalto, K.R., Irwin, W.P., and Kelsey, H.M., 1988, Reconnaissance geologic map of the Pilot
Creek quadrangle, Humboldt and Trinity Counties, California: U.S. Geological Survey
Open-File Map 88-363, scale 1:62,500.

09/88
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Seismicity Patterns and the Stress State
in Subduction-Type Seismogenic Zones

Grant Number 14-08-0001-G1368

Carl Kisslinger
Cooperative Institute for Research in Environmental Sciences
Campus Box 449, University of Colorado
Boulder, Colorado 80309-0449
(303) 492-6089

Research during May through September, 1988 was directed to four main tasks: (1) conver-
sion of the entire data processing and analytical system from the PDP-11/70 computer to the Sun
system; (2) development of techniques for investigating changes in fault zone properties associ-
ated with the occurrence of the May 7, 1986, Andreanof Islands earthquake; (3) studies of the aft-
ershocks of the May 7, 1986 carthquake as one approach to elucidating the seismogenic processes
and to understanding the physical basis of the pre-event quiescence that had been detected and
tracked with the Central Aleutians network; and (4) initiation of the study of selected earthquakes
in the Tohoku district of Japan, with emphasis on a comparison of the behavior of pre-event
seismicity and of aftershocks in the Aleutian and Japanese subduction zones.

Conversion to the New Computer System

At the end of April, all CIRES personnel working on USGS-sponsored research in the Aleu-
tian Islands, as well as the CIRES Computing Facility, moved into newly constructed space. As
part of the move, and with the assistance of funds provided by the USGS, the PDP-11/70 com-
puter, which had been the primary machine used in this research, was replaced by a Sun
workstation-based system. Unfortunately, because of requirements imposed by the University on
the evacuation of the old space, and other practical considerations, it was not possible to keep the
old system in operation while the new one was being brought up, and it was not possible to start
work with the new system until the move was complete. Therefore, all work requiring computa-
tion with the principal machine, including earthquake locations and data analysis, came to a halt
for several months. Work has proceeded by the use of various microcomputers, but much of the
primary data base has not been available until the conversion was complete.

The conversion is now completed, with all of the codes essential to this research debugged
and running on the new system, the documentation for the new earthquake location program
prepared, and training of project personnel in the use of the system in progress. Personnel from
the National Earthquake Information Center, Golden, and the Bureau of Mines, Denver, have
been briefed on the new system, as they contemplate the adoption of a similar system.

One consequence of the change-over has been a delay in the investigation of velocity
changes associated with the occurrence of the May 7, 1986 earthquake. Considerable effort was
required to develop the software to read the digital waveform tapes written with the old system on
the Sun system. This problem is now solved and the study of seismic velocity changes planned as
part of this research will proceed as described in earlier Technical Summaries.

Attenuation and Velocity Changes Related to the May 7, 1986 Event

The need to determine the details of material properties within the rupture zone of the May
7 earthquake, and possible changes in these properties caused by the earthquake has been made
more clear by the results of the aftershock studies reported below. The aftershocks occur in clus-
ters that, with one exception, coincide with the locations of clusters of earthquakes during the 22
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years before this event, so that important differences in the mechanical properties of these sites,
compared to the less active portions of the thrust plane, are indicated.

A new method for mapping Q has been developed as part of this task. The method uses a
3-dimensional tomographic reconstruction of the distribution of Q within the seismic zone. The
first step in testing the feasibility of the technique was fo determine the coverage available with
the existing data set and station locations. The result is shown in Figure 1. The locations of 2553
events located with the network in 1985 were used as input data to a count of the number of rays
that passed through each block, 5 km on a side, within the depth ranges shown. The result shows
the parts of the zone in which high-resolution results can be achieved, and where they cannot.

To test the reconstruction efficiency of the method, a synthetic data set was processed. Q
was set at 200 throughout, except for a small zone between 7.5 and 12.5 km, top of Figure 2, in
which Q was set at 220. Average Q values to each station for each postulated event were calcu-
lated to create a synthetic observed Q data set. When this data set was processed once through the
reconstruction program, the anomaly was smeared out over a wide depth range. The result after
100 iterations, Figure 2, shows that the input anomaly has been recovered in a satisfactory
manner. The influence of noise on the results is still to be determined, and then the method will
be applied systematically to real data.

This approach is being done in parallel with the completion of the coda-Q studies started
earlier.

Aftershocks of the May 7, 1986 Event

The analysis of the spatial and temporal behavior of the aftershocks of the Andreanof
Islands earthquake, as documented in the catalog of teleseismically-located events, has been com-
pleted. In addition to an examination of the decay rate in the entire aftershock region, the separate
parts of that zone, as defined by the pre-event seismicity pattern, have been analyzed. Because
some theories of aftershock generation suggest a direct relation between the decay rate of the
activity and the b-value of the sequence, b-values for the pre-mainshock activity (22 years), and
for all and the separate parts of the aftershock zone have been determined. The principal conclu-
sions of this work are:

(1) the overall distribution of aftershocks agrees closely with the seismicity distribution dur-
ing the preceding 22 years for the same section of the Aleutians seismic zone. Events are distri-
buted all along the upper thrust plane, but the lower thrust plane was active only in the segment
west of the mainshock epicenter.

(2) the aftershocks are concentrated in definite clusters, separated by regions of no activity.
With one exception, these clusters are in the same place as the clusters of events prior to the
mainshock. One group of aftershocks did fill in a hole in the pre-event distribution, in the upper
thrust plane, close to the epicenter to the southwest.

(3) for that part of the rupture zone monitored by the local network, the early aftershocks in
the local catalog and the teleseismic aftershocks show a distinct concentration in the place in
which the sharpest and most persistent quiescence had occurred prior to the mainshock, and
where major moment release occurred during the event.

(4) for all aftershocks, m,>4.7, the rate of decay, as given by the p-value in the Modified
Omori relation, is 0.87, with a b-value of 1.27. For the upper thrust plane, within which 68.5% of
the aftershocks occurred, p=0.94, b=1.30. For the lower thrust plane, with 23.5% of the aft-
ershocks, p =0.72, b=1.7 (this high b-value is suspect because of the narrow range of magnitudes
in the data set). For the small group of upper plate events, most of which occurred in a short time
interval, p=1.26, b=0.95.
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(5) the upper plate activity is interpreted as triggered activity and not part of the primary
aftershock sequence. If these events are removed, the p-value hardly changes, but the fit to the
Modified Omori relation is improved, as indicated by the smaller value of the mean difference.

(6) An inverse relation of p and b is suggested by these results, but more cases, involving
independent earthquake sequences in various places, are needed before any general conclusions
can be reached. The low p-value and high b-value in the lower thrust plane indicate that this part
of the fault zone has significantly different properties than the upper thrust plane. Both values
point to a heterogeneous fault surface, containing a large number of small asperities scattered
over it. The absence of activity on the eastern part of the lower plane is still to be explained.

(7) the b-value for the whole aftershock zone during the 22 years before the mainshock was
1.15. For the thrust zone only, b was 1.20. No significant difference in pre-event and aftershock
b-values is seen.

(8) The concentration of aftershocks, as well as of major moment release in the mainshock,
within the zone of pronounced quiescence, lends support to the interpretation of the observed
quiescence as an intermediate-term precursor to this major earthquake.

Table

Summary of Modified Omori Fits to Subsets of the Aftershocks

Subset No. events p Mean dif (number-FLT)
All aftershocks 238 0.868 0.236+4.410
All m25 95 0918 0.3651+2.669
Upper thrust 163 (68.5%) 0.935 0.3961+2.871
Lower thrust 56 23.5%) 0.719 0.378+1.473
Upper plate 19 (8%) 1.262 0.600+1.885
All-upper plate 219 (92%) 0.876 0.118+3.600
East of epicenter 89(374%) 0982 0.45343.960
Upper thrust, east 71 0.994 0.48613.240
West of epicenter 149 (62.6%) 0.835 0.411+2.466
Upper thrust, west 92 0.942 0.461+1.568

Earthquakes in the Tohoku District of Japan

The Principal Investigator spent-June and July, 1988 at the Observation Center for Earth-
quake Prediction, Tohoku University, Sendai, Japan. The purpose of the visit was to gain first-
hand familiarity with the excellent data set that has been acquired since 1975 by the regional net-
work operated by the Center, and to start the comparison of results relevant to seismogenesis in
the Japan and Aleutian subduction zones. The region monitored by Tohoku University was
chosen because the geological conditions are less complex and more similar to the Central Aleu-
tians than in the seismic zone south and west of Tokyo. The Japanese scientists at the Center have
done a great deal of excellent work with these data, so a good foundation exists for a comparative
study.

Three active areas were selected from the very large Tohoku catalog. In all cases, good
coverage prior to one or more strong events and the occurrence of at least one well-documented
aftershock sequence were sought. Because the Tohoku network has evolved since its initiation in
1975, the completeness of coverage is not uniform over the entire region now monitored during
all time since then. In addition, an appropriate lower magnitude cutoff, determined by the amount
of activity in the selected area, was imposed in order to keep the total number of events within
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reasonable limits. The regions selected are:

(1) 36-38 N., 141-143 E, 1981-Apr 1988. This region includes the main thrust zone of the
subduction system. Two important episodes are included in the data set: An M7.2 earthquake of
July 23, 1882 (the Ibaraki-oki earthquake), and a series of events, M>6, during February - April
1987. This region offers the best opportunity for direct comparison with the Adak experience.

(2) 38.8-38.95 N, 140.6-140.8 E, depth less than 20 km, 1975-Jan 1988. This small region
was chosen to represent activity in the upper plate, well above the Wadati-Benioff zone. The
main event is an M4.7 event, March 28, 1985. It has a nice aftershock sequence. There has been
no opportunity to observe an upper plate event in the Central Aleutians with comparable density
and azimuthal competeness of coverage.

(3) 39.540 N, 141.5-142 E, depth greater than 40 km, 1975-Apr 1988. The principal event
is a M6.9 earthquake at 75 km depth, on January 9, 1987. Because this intermediate-depth event
occurred under Honshu, it is well covered by the network.

The first analysis for these events has been completed. These include the definition of the
aftershock zone, an initial examination of the pre-event seismicity in time and space, and a fit to
the Modified Omori relation for the aftershocks in cases (2) and (3).
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FIGURE 1. 2553 events recorded by the network in 1985 were used to calculate the
number of rays that hit a 3-dimensional square block of 5 km. dimension (except in the
top left where the blocks are only 2.5 km. in depth but 5 km. square in areal extent). The
top left figure shows the location of the stations in the network.

Each figure represents a range of depth as indicated below the figure. The shadings indi-
cate the number of rays that hit each block within that particular depth range. The
columns to the the right of each figure gives the range of the number of rays that hit a
block within each depth sone and shows the seven different shadings used for equal inter-
vals of ray hit count shown in the figure. Note that the scale shown in each column is dif-
ferent.
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FIGURE 2. The top figure shows a synthetic Q-anomaly model that was used to proguce
a starting ‘observed Q-model’ Note that the anomaly exists only in the depth range as
indicated below the top figure. The figures underneath represents the results of running
the synthetic ‘observed Q-model’ through the 3-dimensional tomographic reconstruction
programs for 100 iterations. The representation is similiar to Figure 1 except that these
figures show the Q-value within each block. The scale is the same for all the figures and
is shown by one column that gives the minimum, maximum and the seven equal intervals
of Q-values shown in the figures.
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Seismological Field Investigations
9950-01539

C. J. Langer
Branch of Geologic Risk Assessment
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, CO 80225
(303) 236-1593

Investigations

Southeastern Illinois earthquake--investigation of 10 June 1987 event.
Results

The 10 June 1987 southeastern Illinois earthquake was the most recent in
a series of magnitude 5 shocks to occur in the Wabash seismic zone of
southeastern Illinois and southwestern Indiana. Various magnitude estimates
for this seismic event ranged from 4.9 to 5.2. The Wabash zone, as identified
by Nuttli and Herrmann (1978) and Nuttli (1979), has a record of seismic
activity dating back to 1860 and includes six shocks with magnitudes between
5.0 and 5.5 in the last 88 years (see Figure 1). Interestingly, those
earthquakes, which are rather large for the central U.S., occur with a modest
amount of regularity every 18 + 16 years. The Wabash zone is to the northeast
of the larger New Madrid seismic zone centered in extreme southeastern
Missouri.

This most recent earthquake was located roughly 200 km east of St. Louis,
MO, and about 12 km east of the town of Olney, IL. It caused minor damage in
the epicentral area: hairline cracks in earthen/concrete dams, isolated damage
to older chimneys, open cracks in brick/stone fences or walks, cracked cement
and cinderblock foundations, underground pipes out of service, ete. Such
effects are ascribed to an intensity level (modified Mercalli scale) of VII,
The vibrations were felt by residents in all or parts of at least 23 central
and eastern states, an area of some 430,000 km2. These intensity data were
compiled from a USGS canvass of approximately 4800 postmaster and selected
government field agencies (Reagor and Brewer, 1987).

Within 1% days following the 10 June mainshock, installation of a network
of portable seismographs by USGS and University personnel was in progress.
More than 140 aftershocks, the largest of which were about magnitude 3, were
subsequently recorded and accurately (within a km or two) located. The
hypocentral volume of these aftershocks is very small: horizontally about 1.0
X 1.5 km and vertically about 4 km between depths from 8 to 12 km below the
ground surface (Langer and others, 1987; Taylor and others, 1988). Expect-
ably, there was no surficial ground breakage. Independent calculations by
University teams (St. Louis, Memphis State, Indiana) corroborated the
distinctive, compact aftershock volume; a geometry that is "pencil like."

Both the magnitude and the aftershock volume of this important earthquake

are relevant to the assessment of seismic hazard in the region. The apparent
frequency and spatial distribution of these moderate-sized shocks are
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important characteristics of the zone that must be taken into account. The
physical and geological implications of the small source volume are being
investigated. It is hoped that they will shed some new light on the
seismogenic process in the nation's heartland.
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Figure 1.

Historical seismicity on the Wabash seismic zone (Nuttli and
Herrmann,, 1978) and environs. Epicenters for 736 earthquakes
(1792-1985) are indicated by squares: largest = magnitudes 4 arnd
larger; mid-size = magnitudes 3 to 4; smallest = magnitudes less
than 3. Epicenter for the 1987 Illinois shock shown by the star
symbol. Catalog and epicenter plot from Carl Stover, National
Earthquake Information Center, USGS, Denver, CO.
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Hayward Fault
9910-04191

J. J. Lienkaemper
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5642

Investigations

Determine slip rates and earthquake recurrence intervals on the Hayward fault. Compare
geologic surface-slip rate to historic creep rates and geodetically determined deep-slip rate.
Analyze effects of structural complexity and fault segmentation upon how recurrence may be
inferred from slip rate. In future reports this project will be reported as a part of project
9910-04192.

Results .

1. Trenching near Fremont Civic Center 1986-1987 yielded a slip rate of 5.5 + 0.5 mm/yr
for the the last 8040 yr from an offset buried channel unit. These results are now available in
detail [Borchardt et al., 1988a; Borchardt et al., 1988b], and formal journal papers on this
investigation are in preparation. Laboratory results on paleomagnetic samples still have not
arrived.

2. Along the entire 70-km length of the creeping section of the Hayward fault we surveyed
several offset curbs, fences, and buildings and analyzed the results in order to generalize the
rate of creep over several decades. Except for southern Fremont where creep ranges from 8 to
10 mm/yr; the creep rate has generally been about 5 to 6 mm/yr.

3. A potential 18-km-long gap in the 5 to 6 mm/yr creep rate seemed to exist on the Hayward
fault in the Oakland area. We surveyed all available offset cultural features in Oakland and
found that creep rate appears to be low in some places, probably because part of the slip is
distributed in a broader zone of faulting that extends beyond the limits of the surveyed features.
Other places in Oakland appear to have the more usual 5 to 6 mm/yr slip rate observed along
most of the fault. Thus we cannot conclude from surface slip data that the likelihood of a large
earthquake or higher than average seismic slip is any greater in Oakland than elsewhere along
the fault [Lienkaemper and Borchardt, 1988].

Reports
Borchardt, G., J. J. Lienkaemper, K. Budding, and D. P. Schwartz, 1988a, Holocene slip rate
of the Hayward fault, Fremont, California: Calif. Div. Mines Geol. Open-File Report.

Borchardt, G., J. J. Lienkaemper, and D. P. Schwartz, 1988b, Soil development and
tectoturbation in a catena produced by Holocene downwarping along the Hayward fault,
Fremont, California: California: Calif. Div. Mines Geol. Open-File Report.

Borchardt, G., and J. J. Lienkaemper, 1988, Soil development in association with Holocene
downwarping along the Hayward fault, Fremont, California (abs.): EOS, Trans. Am.
Geophys. Union

Lienkaemper, J. J., and G. Borchardt, 1988, No creep gap along the Hayward fault in Oakland,
California? (abs.): EQS, Trans. Am Geophys. Union
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San Andreas Fault Sllp Near Cholame, California
9910-04192

J. J. Lienkaemper
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5642

Investigations
1. Surface slip along the San Andreas fault near Parkfield, California.

2. 1857 slip on the San Andreas fault near Cholame, California.

Results
1. The Parkfield slip manuscript [Lienkaemper et al] is still in Branch review.

2. Revisions on the manuscript [Lienkaemper and Sturm] were completed. A second
manuscript describing all offset channels south of Cholame is in preparation, as is a detailed
map of active traces of the San Andreas fault in this segment. Scheduled fieldwork was postponed
because of a funding shorifall. Most work in this period was done on the Hayward faulit project
(9910-04191) and followup analysis of the 1987 Superstion Hills earthquake ruptures and
afterslip. In future Semi-annual reports the Hayward and San Andreas projects will be
combined.

Reports
Lienkaemper, J. J., and T. A. Sturm, submitted, Reconstruction of a channel offset in 1857(?)
on the San Andreas fault near Cholame, California: Bull. Seismol. Soc. Am. [revised].

Lienkaemper, J. J., W. H. Prescott, and J. D. Sims, in review, Surface slip along the San
Andreas fault near Parkfield, California: J. Geophys. Res. [to be submitted]
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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA
14-08-0001-G1149

T.V.McEvilly, R. Clymer, Wm Foxall, A. Michelini, E. Karageorgi
Seismographic Station
University of California
Berkeley, CA 94720
415/642-3977

Introduction

The Parkfield high-resolution seismic network (HRSN) now consists of ten, 3-component,
borehole seismometers surrounding the 1966 Parkfield epicenter. The 32-channel data-
acquisition system features digital telemetry with 250 Hz bandwidth and 16-bit resolution, and
can operate in external-trigger (i.e., controlled-source) or event-trigger (earthquake) modes.
Two programs of seismic wave measurements continue: Earthquake recording began in
December, 1986, and routine, controlled-source monitoring began in June, 1987. Since the
completion of the network in January, 1988, the project has been primarily in a data-gathering
mode.

Investigations

1) Controlled-source monitoring. At Parkfield, the nucleation zone is illuminated on a nomi-
nally monthly schedule by the UCB shear-wave vibrator operated at eight source sites (Figure
1), generating three shear-wave polarizations at each site. At the Center for Computational
Seismology (CCS) at the University of California Lawrence Berkeley Laboratory, the data
undergo routine preliminary processing. More advanced data-processing routines are being
developed to detect changes in velocity, attenuation, and anisotropy.

2) Earthquakes. Local microearthquakes as small as magnitude approximately -1 are continu-
ously recorded on the UC/LBL Wescomp recording system, with cooperative maintenance
assistance by UC Santa Barbara and USGS. Preliminary results, reported in the last summary,
show that one characteristic mode of strain relief in the Parkfield nucleation zone is the
occurrence of small clusters of earthquakes that contain groups (multiplets) of almost identical
events. Members of each group could be located with a relative accuracy of a few tens of
meters. At CCS, development of an improved location procedure is underway, which will
allow analysis with similar precision of all earthquakes in this area. These relocated events
will then be used to study failure processes, fault zone structure, and material properties within
the Parkfield nucleation zone.

Results

1) Controlled-source studies. From June 1987 to July 1988, 13 data sets have been acquired at
roughly monthly intervals. From July 1988 to the present, field operations have ceased due to
exhaustion of funds.

At CCS, the basic data-processing software package was changed from DISCO to SierraSEIS
in April 1988, with SierraSEIS installed on a new Convex computer. Start-up problems caused
a slowing in our data processing program for some months. Processing routines for the
Vibroseis data (editing, stacking, correlating) developed with DISCO have been converted to
SierraSEIS, and a major effort is now underway to bring the basic processing up to date.

Figure 2 shows a typical ‘source-gather’ (one source polarization at one source site into all
receivers) from the July 1988 data set. A time- or common-receiver gather (one source into
one receiver for all monthly data sets) is shown in Figure 3 for July 1987 to July 1988.
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Portions of the wavetrain remain repeatable out to 16-sec travel time.

Particularly noteworthy on Figure 3 is the anomalous nature of the January data. For example,
there is a clear and continuous event on H2 just before 9 sec. This event nearly disappears on
H2 for January, but appears on H1 only for January. Other events show similar changes (e.g.,
at 6.2 and 10 sec.) It is evident that rapid changes have occurred in propagation direction
and/or polarization on this path; the nature of the changes may be clarified by further analysis
with trace-rotation techniques.

The routine processing of the data acquired to date is quite manageable and is well underway.
The next step is more difficult - to reduce in as automatic a fashion as possible this huge data
set to a few key, robust parameters. There are 720 possible time gathers, such as seen in Fig-
ure 3, to update and analyze each month.

As a start, we have developed a rapid, efficient windowing and cross-correlation/cross-spectral
procedure to analyze relative travel-time changes within gathers to a precision of better than
0.5 msec. Figure 4 shows the results of applying this procedure to several receiver (time)
gathers for one source polarization at source position eight. There is a considerable degree of
similarity in the pattemn of changes, particularly for the S-wave arrivals. We interpret this to be
a result of changes in near-surface water saturation at the source end of the path, an effect seen
clearly in the earlier monitoring study at Hollister (Clymer and McEvilly, 1981). One path can
now be chosen as a reference (probably, in this case, the short path to JCN) and the effect
removed from the other data sets.

The presence of rapid changes in waveform and the systematic changes in travel time vindicate
the monthly sampling interval. Beginning again in October 1988, we will continue monthly
measurements as long as funds allow, probably sometime in the spring of 1989.

Data-processing emphasis is now the following:

1. The cross-coherence/cross-spectral procedure will be applied to all data sets as they are
processed. Calculation of relative amplitudes and spectral changes within the windows will
be added to the procedure. Traces may be rotated to aid in monitoring particular phases
from particular source polarizations.

2. Rotation of traces will be explored for a more sensitive coordinate system for analysis of
anisotropy.

3. Other obvious procedures are being explored for monitoring temporal changes in wave pro-
pagation, such as differencing and ratioing of traces, comparison of phase spectra, etc.

2) Earthquakes. There has continued to be little ‘down-time’ in the earthquake recording. To
date, events detected and on-scale range from approximately Mc -10 0 M 1.8. Local events
generally show high signal-to-noise ratio and high bandwidth (usable data %o the 125-Hz anti-
alias filter). Approximately 300 local events have been catalogued to date.

We have refined the relative hypocentral locations of multiplet events within clusters using a
variant of the cross-correlation/cross-spectral technique described above. Times of phase
arrivals for each event within a cluster are picked relative to a reference event, and the events
are located relative to the reference using the two-sided Parkfield velocity model. This pro-
cedure allows us routinely to compute relative locations within clusters to an estimated accu-
racy of about 20m, based on analysis of relative S-P intervals and coherence spectra. We find
that the width of the coherent frequency band is a function of event separation only, ranging,
for P-waves, from about 100hz for a source separation of 10-20m to about 50hz for a separa-
tion on the order of 100m.

Figure 5 shows two groups of multiplets (9 and 4 events) within the September, 1987 cluster
near station FRO. Each group of earthquakes trends N45W, exactly parallel to the local strike
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of the San Andreas fault, and is 100-200m long. Lateral separation between the events in
either cluster is about the same as the location accuracy(20m), so the widths of the groups are
probably not significant. This unprecedented resolution suggests that one mode of failure
within the Parkfield nucleation zone is characterized by progressive rupture of discreet, linear
strips of the fault, each typically on the order of 100m long, upon which individual failures
(earthquakes) are very similar. The strips are separated by distances similar to the length of
the strips. In terms of the large-scale rupture of the Parkfield asperity, this mode of failure is
perhaps analogous to the coalescence of microfractures to form a macroscopic shear failure
observed in laboratory experiments. Until the entire earthquake set is located to this precision,
we cannot determine if these discrete ‘asperities’ are in fact separated by aseismic zones, or if
the entire fault surface experiences earthquake failure.

Spectra of the largest and smallest events belonging to two clusters near Middle Mountain are
shown in Figure 6. The shapes of the two spectra for each cluster are almost identical, despite
the fact that the two events are more than an order of magnitude different in size. This feature
is common to all of the multiplets we have studied. Future research will investigate this
phenomenon in terms of both source and propagation effects. One unattractive possibility is
that the same 100m * fault patch slips irrespective of the size (magnitude) of the individual
multiplets.

We are adapting three-dimensional, simultaneous inversion methods to construct three-
dimensional P and S velocity models for the area, in order to adapt existing location techniques
to a resolution appropriate to our timing precision, which is at least an order of magnitude
greater than that for which these techniques were designed.

Once we have developed a suitably precise location technique and the velocity models, we will
focus again on the main goal of this aspect of our research, imaging the three-dimensional fault
zone slowness structure at a scale on the order of 100m by applying the Green’s Function
reciprocity approach of Spudich and Bostwick (1987) to the microearthquake waveform data,
using the microearthquake clusters as ‘receiver arrays’. The high-frequency waveforms
recorded by the HRSN from the tight clusters of very similar earthquakes should provide a
uniquely suitable data set for this technique. The detailed fault zone structure, and three-
dimensional velocity model, should allow construction of suitable approximate Green’s Func-
tions for use in moment tensor and rupture history inversions to study nucleation and failure
processes in detail.

References

Clymer, R. W., and T.V. McEvilly, 1981. Travel-time monitoring with VIBROSEIS, Bull.
Seism. Soc. Am., 71, 1902-1927.

Presentations
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Figure 3. Time gather: Source polarization one at source site eight into
receiver MMN for all months. (Processing: 6-25 Hz filter, 4-sec AGC.)
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Figure 5. Epicentral map showing earthquake locations within the cluster which
occurred near station FRO in September 1987. The earthquake locations were
determined by using a) visually picked P and S onsets, b) the cross-correlation/
cross-spectrum technique. Distances are with respect to the 1966 epicenter.
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I.2

GEOLOGIC AND ENGINEERING STUDIES

Semi-Annual Report
April 1, 1988, through September 30, 1988

9950-03868

Stephen F. Obermeier
Branch of Geologic Risk Assessment
U.S. Geological Survey
MS 926, National Center
Reston, Virginia 22092
(703) 648-6791

Investigations

Field work consisted principally of the search for liquefaction features
in southeastern South Carolina and eastern Georgia near Savannah, and in
Virginia, primarily near the Rappahannock River. In addition, assisted
researchers from VPI&SU to select sites for study of 1886 earthquake
characteristics.

Continued preparation and revision of manuscript discussing geologic
criteria for earthquake-induced origin to liquefaction features.

Results

Some liquefaction features were found in Virginia that might be of
earthquake origin. The degree of weathering of injected material in sills
near the ground surface indicates that these features are too old to be of
concern to nuclear power plant design, based on their current criteria for
ages of active faults.

Reports

Obermeier, S. F., Weems, R. E., Jacobson, R. B., and Gohn, G. S., in Press,
Liquefaction Evidence for Repeated Holocene Earthquakes in the Coastal
Region of South Carolina, presented at the Conference on Earthquake
Hazards and the Design of Constructed Facilities in the Eastern U.S.,
sponsored by the New York Academy of Sciences and the National Center for
Earthquake Engineering Research, February 24-28, 1988, New York.

96



1.2

Discrimination of Space-Time Clustering in Central California
Earthquake Sequences

14-08-0001-G1533

Gary L. Pavlis, Michael W. Hamburger, and Mariana Eneva
Department of Geology, Indiana University
Bloomington, Indiana 47405
(812) 335-5141

Investigations

This project is aimed at investigating the spatial and temporal distribution of earthquakes in
central California. It is an extension of a previous study of the 1984 Morgan Hill (M=6.2)
aftershock sequence. The nonrandomness in the spatial and temporal distribution of earthquakes
is evaluated using a technique based on distribution of distances and time intervals between
earthquakes. The project features a study of the finer-scale spatial clustering of events in the
Morgan Hill area and a study of space-time patterns in earthquake distribution in the following
seismically active areas: (1) the aftershock zone of the 1979 Coyote Lake earthquake (M=5.9);
(2) the aftershock zone of the 1983 Coalinga earthquake (M=6.5); and (3) the area around
Hollister, characterized by a high microearthquake activity, a lack of stronger events, and fault
creep (Figure 1). This allows a comparison to be made of patterns of earthquake distribution in
different tectonic settings of California.

Methods

Pair Analysis Method. We use distributions of earthquake pairs to study nonrandomness
in the spatial and temporal distribution of seismic events. Some elements of this technique have
been presented earlier (Eneva and Pavlis, 1985, 1986). The details of its application are
discussed in our paper on the 1984 Morgan Hill earthquake sequence (Eneva and Pavlis, 1988).
We have also been applying a similar approach in the study of the seismicity patterns in Soviet
Central Asia (Eneva et al., 1987; Eneva and Hamburger, 1987, 1988). To study spatial
earthquake distribution, the observed frequency distribution of interevent distances is compared
with an expected distribution originating from randomly distributed events. The differences
between these two types of distributions can be used to quantitatively evaluate the degree of
spatial nonrandomness. The discrepancies between observed and expected distributions are first
obtained in terms of number of pairs, but can be easily converted into percentage of events
involved in a certain anomaly (Eneva and Pavlis, 1988). The nonrandomness in the temporal
earthquake distribution can be evaluated in a similar way. The temporal distribution of events is
modeled with a randomized Omori's Law for aftershocks and with a uniform distribution for the
rest of the events.

Removal of Earthquake Clusters (Declustering). The technique we use to identify
earthquake clusters differs from other methods in that it uses randomly generated rates of seismic
activity and a random choice of the events to be removed as clustered. Details of this approach
are given by Eneva and Hamburger (1988). The following procedures allow us to avoid some
deficiencies associated with previous methods: (1) we assign an individual average rate to each
portion of the study area, rather than use a single average rate; (2) we do not remove all the
events from a high-activity window, but leave in the catalog a certain number of earthquakes,
corresponding to the long-term (background) seismic activity; (3) we do not restore the activity in
all high-activity windows to identical rates, but the background rate in each such window is
randomly generated using a normal distribution, with the average rate as a mean. The events to
be finally removed are randomly chosen, excluding the largest earthquakes.
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Data

With the help of D. Oppenhiemer we have acquired revised CALNET earthquake locations
for the period 1969-1983 and part of 1984. P. Reasenberg provided us with precisely located
aftershocks of the 1979 Coyote Lake and 1983 Coalinga earthquakes. We have also been using
relocated data from the Morgan Hill area for the period 1978-1986.

Results

We have first developed the declustering procedure (Eneva and Hamburger, 1988) to study
earthquake catalogs from significantly larger areas than the ones considered here. Yet, it proves
to be very efficient even when applied to the small area of a single aftershock zone. An example
is given in Figure 2. Note that not all events after the main shock are considered as aftershocks
and instead there are events left in the declustered catalog (Figure 2b). The declustered catalogs
and catalogs of aftershocks we used are obtained in this way.

The application of pair analysis allowed us to show that the spatial distribution of seismic
events in the aftershock zone of 1984 Morgan Hill earthquake (Eneva and Pavlis, 1988) is
characterized by the following distinct features: (1) a marked spatial clustering, i.e., an excess
number of pairs at small distances (interevent distances < 7 km) as compared with uniformly
scattered events; and (2) a long-distance anomaly (interevent distances > 11 km), also marked by
an excess number of earthquake pairs. These two positive anomalies in the distribution of
interevent distances are related to a deficiency of number of pairs at intermediate distances.

Our current work includes a similar study of other aftershock sequences, declustered
catalogs, and events within smaller subareas in each study area. Examples of our observations
are given in Figures 3 to 6. The vertical axes in these figures represent relative residual numbers
of pairs obtained by subtracting expected from observed distributions of interevent distances and
dividing by the total number of pairs. In the figure captions are shown in parentheses
percentages of events involved in a given anomaly. We found that spatial nonuniformity of
earthquake distribution seems to characterize the seismically active areas regardless of their size
and tectonic enviroment. Furthermore, no subareas of randomly distributed events can be
isolated, no matter how small they are. The main features of the distributions of interevent
distances, characterizing a certain catalog, are significantly stable over time (Figure 3). This
implies the existence of a relatively stable spatial structure of the earthquake process that
dominates the distribution of seismic events during any period of time. Major features of the
spatial nonrandomness of earthquake distribution are spatial clustering and longer-distance
anomalies. Events from original catalogs, declustered catalogs, and aftershock sequences all
exhibit a significant degree of spatial clustering (Figure 4). This pattern exists before each main
shock and is enhanced ( Figure 4a) during aftershock sequences (i.e., a larger degree of spatial
clustering is observed after main shocks than before them). As the sequences progress, the
degree of spatial clustering decreases (Figure 5). This spatial clustering also seems to depend on
the magnitude of the seismic events: the larger the events, the more clustered they are (Eneva and
Pavlis, 1988). The long-distance anomalies, when manifested in the background seismic
activity, are smoothed during aftershock sequences (Figure 3a and Eneva and Pavlis, 1988).
When subareas of decreasing size are considered within a given seismic zone, the degree of
spatial clustering is first preserved, but rapidly increases when the size of the subareas becomes
comparable with the size of the spatial clusters (Figure 6). In fact, the distribution of interevent
distances from the smaller subareas often exhibits its own "long-distance" anomalies in addition
to the enhanced clustering pattern. This implies that the structure of the spatial clusters
themselves may represent a somewhat modified image of the spatial structure of the whole study
area.

The study of the area of the 1984 Morgan Hill earthquake indicated that no significant
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pattern exists in the temporal distribution of earthquakes before the main event. However, the
distribution of interevent times between aftershocks, although dominated by a power-law decay,
suggests the existence of characteristic time intervals increasing with magnitude and time. More
details about these results are given by Eneva and Pavlis (1988). We are in the process of
obtaining results in time from the other study areas.

References
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Figure 2. Space-time plots of the M >
1.0 earthquakes within the aftershock
zone of the 1979 Coyote Lake
earthquake (1969 - June, 1984). Size of
crosses increases with each magnitude
unit. Vertical axes are from NW to SE.
(a) All events; (b) declustered catalog;
and (c) clustered events (55% of all
earthquakes in the area).

Figure 3. Example of the spatial
pattern stability: Hollister, M > 1.5.
Thick solid line is for the whole study
period, 1969-1983. Thin solid line is
for the period 1973-1978.
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Figure 5. Example of the decrease of spatial
clustering as an aftershock sequence progresses:
1984 Coalinga aftershocks, M > 2.0. Thick line -
first 2 days (37% spatial clustering, distances < 10
km); thin line - 10 days to 2 months after the main
shock (30% spatial clustering, distances < 10 km).
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I.2

Detailed Geologic Studies, Central San Andreas Fault Zone
9910-01294

James A. Perkins and John D. Sims
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5647 or (415) 329-5653

Investigations

1.

2.

3.

Continued studies of late Quaternary movement along the Calaveras and Paicines faults.
Calibrate fault scarp degradation dating techniques to alluvial deposits.

Detailed mapping of active faults and alluvial deposits along a 60-km-long reach of the
San Benito River.

Results

1.

Continuing investigations of the Calaveras and Paicines faults concentrate on two study
sites: the Windfield Ranch along the Calaveras fault and the Roberts Ranch along the
Paicines fault. Previous trenching and geomorphic studies at Windfield Ranch suggest that
the Calaveras fault here has averaged about 9 mm/yr during the last 14 ka. Stratigraphic
correlations of San Benito River alluvium suggests a slip rate of 9 mm/yr for the Paicines
fault at the Roberts Ranch. During this reporting period, work progressed on the final
written report.

Numerous alluvial deposits along the San Benito River are displaced by the Calaveras or
Paicines faults, but the age of the deposits is unknown. Calibration and application of fault
scarp degradation dating techniques to these displaced alluvial deposits may provide
multiple slip rates for the Calaveras and Paicines faults. This part of the project received
low priority during the reporting period.

Field work on detailed mapping of active faults and alluvial deposits along the San Benito
River between the towns of Tres Pinos and San Benito is complete. Work progresses on
the final compilation of the maps.

Re]gorts

None.
10/88
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Basement Tectonic Framework Studies
Southern Sierra Nevada, California

9910-01291

Donald C. Ross
Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5650

Investigations

1.

Field work in June in the Woody, White River, and California Hot Springs 15’
quadrangles, southern Sierra Nevada.

Modal analysis and interpretation of about 100 granitic samples collected during the 1988
field season in the southern Sierra Nevada.

Petrographic study of thin sections from the 1988 field season.

Geologic map revision in light of new data from the 1988 field season.

Results

Field studies in 1988 confirmed earlier suspicions that the granodiorite of Deer Creek is in
reality two distinct bodies separated by an extension of the tonalite of Carver-Bowen
Ranch. The earlier suspicions were based on magnetic susceptibility values of previously
collected samples that were petrographically variable, but presumably all part of one body.
One group of these granodiorite samples averaged about 500x107 s.i. units, but another lot
averaged about 1400x10” s.i. units. Further field work and more samples confirmed this
magnetic susceptibility distinction and also revealed enough petrographic differences to
convince me that the earlier grouping of these rocks as one unit was a mistake.

The 1988 field work and modal analysis of granitic samples also re-emphasized the
importance of the biotite-hornblende ratio and magnetic susceptibility as key factors in
differentiating various tonalites of the southern Sierra Nevada. Textural differences are
subtle at best in the field in most cases, and exposures consist of scattered bouldery
"outcrops” that rarely provide data on age relations or reveal obvious petrographic dis-
tinctions. Petrographic distinctions that are more obvious from stained slabs, made after
field work, suggested several contacts not evident in the field. Magnetic susceptibility
readings made on these slabs also helped "map" contacts. This further suggests the value
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of using the relatively light weight susceptibility meter in the field to record susceptibility.
Routine measurements at granitic field stations would possibly alert one to some contacts
between units. A good example of the value of a meter in the field was one poorly
exposed area that was particularly perplexing. Rather fine-grained rocks were present that
were either gabbronorite of Quedow Mountain or tonalite of Carver-Bowen Ranch.
Subsequent slab and thin section study revealed both units were present, based chiefly on
quartz percentages and the presence or absence of orthopyroxene (neither mineral was
obvious in cursory field examination). Magnetic susceptibility of collected samples also
showed the gabbronorite samples were generally an order of magnitude higher than the
Carver-Bowen Ranch samples. Such knowledge in the field would have made delineation
of this large gabbronorite inclusion in the tonalite of Carver-Bowen Ranch much easier.

Thin section study of quartz mica schists with mica eyes that suggest former presence of
aluminosilicates (probably andalusite) along with some fine-grained amphibolite schist
(meta-volcanic?) in a large pendant at the west margin of basement exposures adjacent to
the San Joaquin Valley, is reminiscent of the carbonate-poor andalusite-bearing mica
schists of the Pampa Schist exposed along some 45 kilometers to the south.

At long last I proof read the colored geologic map plate and numerous illustrations for
USGS Professional Paper 1381 ("Metamorphic and plutonic rocks of the southernmost
Sierra Nevada, California, and their tectonic framework"). Don’t hold your breath waiting
for publication!
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EARTHQUAKE RESEARCH IN THE EASTERN SIERRA
NEVADA-WESTERN GREAT BASIN REGION

Contract 14-08-0001-A0262, September 1988

M. K. Savage, W.A. Peppin, U.R. Vetter, J.N. Brune, and K.F. Priestley
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigations

This contract supports continued research focused on the eastern Sierra
Nevada and the western Great Basin region, in particular: {1) focal mechanisms
and stress distribution; () seismicity in and near seismic gaps; (3) magmatic
processes in Long Valley Caldera; (4) relocations of Mammoth Lakes earth-
quakes; {5) analysis of digital waveforms. Some of the new results are described
below.

Results

Stress Measurements in the Long Valley Caldera, California: Comparison of
Focal Mechanisms, Stress Tensors, and Shear-Wave Splitting

Ongoing studies of the Long Valley caldera have shown complicated patterns
of stress based on focal mechanisms and temporal variations in coda Q. Peng et
al. (1988) relate changing patterns of coda Q to changing crack distributions
near to and far from earthquake sources. We reexamine the stress distribution
and test the hypothesis that earthquakes cause near-source cracks to open up,
using the fault-plane inversion method of Gephart and Forsyth (1984) and
analysis of shear-wave splitting for velocity anisotropy, which is related to the
stress and to distributions of microcracks.

Data from three-component, portable instrumentation placed over the cal-
dera at station WIT between November 1979 and July 1980, including the time of
the Mammoth Lakes sequence of 4 M; 8+ events, and during 1986 over the Chal-
fant (M, 8.6) sequence, show shear-wave splitting with the fast direction parallel
to the average compressional axes from fault plane solutions. This fast direction
changes from N 30° W at Mammoth to due north at Chalfant, in both cases paral-
lel to the strikes of nearby surface (normal) faults. Records at station WIT in the
Long Valley Caldera, occupied with identical instrumentation in 1979 and 1980,
show evidence of a secular variation in time separation of fast and slow shear
waves preceding and immediately following, the major 1980 sequence. Prelim-
inary results from another reoccupation of the site in 1988 indicate splitting is
still present, and further analysis is underway.

In contrast to the shear-wave splitting and focal mechanism results, the
fault-plane inversion results show a smaller (7°) clockwise difference of the best
fitting regional stress tensor between Mammoth and Chalfant, nearly consistent
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with a common stress tensor for the Mammoth and Chalfant earthquakes with
inferred maximum axis of compression N 10° W and inferred axis of extension N
80° E. Focal mechanisms under Mammoth Lakes show a slight trend toward
increased normal faulting at depth. Data from two three-component, portable,
digital stations, one within the Long Valley Caldera and near the Mammoth Lakes
1980 sequence of four magnitude & 8 earthquakes, and one in the aftershock
zone of the Chalfant Valley magnitude 6.6 earthquake have been examined for
evidence of shear-wave splitting. Both areas produce average values of fast
polarization direction parallel to the average compressional axes from fault
plane solutions, which show a rotation from N 30° W in the Mammoth Lakes
region to nearly N-S in the Chalfant region. In both cases the stress directions
and fast polarization direction are also parallel to the strikes of the nearby sur-
face (normal) faults.

Data Acquisition of Wideband Digital Data

With the acquisition of the Microvax-based CUSP system, we are now in the
process of implementing a modification te the standard CUSP data acquisition
procedure which will permit bringing wideband digital data into the routine pro-
cessing stream of analog stations. This development will open the way to intro-
duction of modern seismological methods into network analysis, including
waveform fitting for source parameters and routine determination of seismic
moment and synthetic M;. Easier access of combined digital and analog data
sets will greatly assist various research projects underway.

Reports published, in press, or submitted during this period
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Seismological Laboratory for the period January 1983 to May 1984. Univer-
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Cockerham, R.S., Smith, K.D., and K.F. Priestley, 1988. Spatial and temporal
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I.2

Salton Trough Tectonics and Quaternary Faulting
9910-01292

Robert V. Sharp
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5652

Investigations

1.

Quadrilateral measurements of displacement on the Superstition Hills fault zone associated
with the earthquakes of 24 November 1987.

2. Continuation of field investigation of surface faulting--Superstition Hills earthquakes of
November 24, 1987, in the Salton Trough of southern California (with many others).

3. Pre-earthquake and triggered displacements on the Imperial fault associated with the
Superstition Hills earthquake of 24 November 1987.

Results

1.

Seven quadrilaterals, constructed at broadly distributed points on surface breaks within the
Superstition Hills fault zone, were repeatedly remeasured after the 24 November 1987
earthquakes to monitor the growing surface displacement. Changes in the dimenisons of
the quadrilaterals are recalculated to right-lateral and extensional components at millimeter
resolution, and vertical components of change are resolved at 0.2 mm precision. The
displacement component data for four of the seven quadrilaterals record the complete fault
movement with respect to an October 1986 base. These data fit with remarkable agree-

ment to the power law
t C
vo=U; (—z ¥ b)

where U(1) is a displacement component at time ¢ after the second mainshock and U, b,
and ¢ are constants. This power law permits estimation of the final displacement, U,, from
the data obtained within the period of observation. Data from one quadrilateral, located
near the the epicenter of the second mainshock and northeast-trending conjugate faults,
allow that the first mainshock may have triggered about 5 cm of right-lateral slip there.
Data from the other quadrilaterals confirm that the second mainshock of the 1987
earthquakes did initiate the surface faulting.on most of the Superstition Hills fault zone.
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1.2

The three-dimensional motion vectors all describe nearly linear trajectories throughout the
observation period, and they indicate smooth shearing on their respective fault surfaces.
The inclination of the shear surfaces is generally nearly vertical, except near the south end
of the Superstition Hills fault zone where two strands dip northeastward at about 70
degrees. Surface displacement on these strands is right-reverse.

Another kind of deformation, superimposed on the fault displacements, has been recorded
at all quadrilateral sites. It consists of a northwest-southeast contraction or component of
contraction that ranged from O to 0.1 percent of the quadrilateral lengths between Novem-
ber 1987 and April 1988.

The M 5.9 Elmore Desert Ranch earthquake of 24 November 1987 was associated spati-
ally and probably temporally with left-lateral surface rupture on a multitude of conjugately
oriented faults in and near the Superstition Hills in western Imperial Valley. Three curving
discontinuous zones of rupture among these breaks extended northeastward from near the
Superstition Hills fault zone as far as 9 km; the maximum observed surface slip was 12.5
cm on the northern of the three, the Elmore Desert Ranch fault, at a point about 2 km from
the epicenter. Twelve hours later the M 6.5 Superstition Hills earthquake occurred near
the northwest end of the right lateral Superstition Hills fault zone. Surface rupture asso-
ciated with the second event occurred along three strands of the Superstition Hills fault
zone, here namned North, South, and Wienert strands, for 27 km southeastward from the
epicenter. In contrast to the left-lateral faulting, which remained unchanged throughout the
period of investigation, the right-lateral movement on the Superstition Hills fault zone
continued to increase with time, a behavior that was similar to other recent historical
surface ruptures on northwest-trending faults in the Imperial Valley region.

We measured displacements over 159 days at 259 sites along the Superstition Hills fault
zone, and repeated measurements at 43 sites provided sufficient data to fit with a simple
power law. Data for each of the 43 sites were used to compute longitudinal displacement
profiles for one day to estimate the final displacement that measured slips will approach
asymptotically several years after the earthquakes. The maximum right-lateral slip at one
day was about 50 cm near the central part of the fault zone, and the predicted maximum
final displacement is about 100 cm at the same location. The overall distributions of
right-lateral displacement at one day and the final slip are nearly symmetrical about the
midpoint of the surface rupture.

The southernmost ruptured member of the Superstition Hills fault zone, newly named the
Wienert strand, extends the known length of the zone by about 4 km. The southern half of
this zone, south of New River, expressed only vertical displacement on a sinuous trace.
The maximum vertical slip by the end of the observation period there was about 25 ¢m, but
its growth had not ceased. Photolineaments southeast of the end of the new surface rupture
suggest continuation of the Superstition Hills fault zone in farmland toward Mexico.
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3. Tworight-lateral slip events, about three weeks apart in November 1987, broke the surface
along probably similar, nearly 20 km lengths of the northern Imperial fault. The first
displacement, at about the beginning of November, was accompanied by a surface tilt
representing deep vertical motion or distributed strain. This movement may have been part
of a more regional event that also involved the southern San Andreas fault.

The later surface offset was triggered, probably by the second mainshock of the 24
November earthquakes located in the Superstition Hills, about 37 kilometers to the north-
west. The maximum observed displacement was less than 4 cm on both occassions; for the
triggered movement the maximum slip occurred on a branch fault near the northern
extremity of the fault.

Pre-earthquake resurveys of short-length leveling lines indicated combined surface dis-
placement and an eastward tilt at two locations between surveys 7-1/2 months apart; the tilt
at Harris Road is modelled as a 1.4 cm vertical component of slip deeper than 100 m on a
70 degree northeastward-dipping fault. Later resurveys showed a marked reduction of
deep movement in the time period including the triggered slip, and between December
1987 and January 1988, it had ceased.

No definite evidence of surface fracturing was found in the Brawley fault zone during
either period of time when the Imperial fault moved. Remeasurement of leveling lines
there indicated small, very near-surface vertical components of movement in the northern
half of the zone. Elevation changes in the southern part indicated distributed strain and/or
movement only deeper than about 50 m. The Brawley zone changes are not fixed in time
well enough to clearly relate them to the surface movements on the Imperial fault.

Reports

Sharp, Robert V., 1988, Pre-earthquake displacement and triggered displacement on the Imperial
fault associated with the Superstition Hills earthquake of 24 November 1987: Bulletin of
the Seismological Society of America, Special Volume, in review.

Sharp, Robert V., and Saxton, John L., 1988, Three-dimensional records of surface displacement
on the Superstition Hills fault zone associated with the earthquakes of November 24, 1987:
Bulletin of the Seismological Society of America, Special Volume, in review.

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E.,
Harms, K.K., Lajoie, K.R., Lienkaemper, J.J., Morton, D.M., O’Niell, B.J., Ostergren,
C.L., Ponti, D.J., Rymer, M.J., Saxton, J.L., and Sims, J.D., 1988, Surface faulting along
the Superstition Hills fault zone and nearby faults associated with the earthquakes of 24
November 1987: Bulletin of the Seismological Society of America, Special Volume, in
review.
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Seismotectonic Framework and Earthquake Source Characterization (FY88)
Wasatch Front, Utah, and Adjacent Intermountain Seismic Belt

14-08-0001-G1349

R.B. Smith, W.J Arabasz, and J.C. Pechmann*
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-6274

Investigations: April 1 - September 30, 1988

Strong ground motion in normal-faulting earthquakes.
The 1988 ML5.3 San Rafael swell earthquake, Emery County, Utah.
Analysis of digital recordings of aftershocks of the 1983 Ms7.3 Borah Peak, Idaho, earth-

quake.

4.  Spectral characteristics of P-waves from microearthquakes in the Utah-Idaho border
region.

Results

1. In collaboration with R. Westaway of Liverpool University, we have investigated the char-
acter of strong ground motion in normal-faulting earthquakes of magnitude 4 to 7.5 from the
western USA, Italy, Greece, Turkey and New Zealand. In all cases where seismic phases can
be identified, peak horizontal ground acceleration occurs in the S-phase. Crustal anelasticity
for S-waves, which varies locally, is shown for events above magnitude 5 at distances of tens
of kilometers to be relatively unimportant in comparison with geometrical spreading in deter-
mining the variation of peak horizontal ground acceleration with source-station distance. This
permits the treatment of our records, regardless of source region, as a single worldwide data-
set.

Earthquakes with magnitudes greater than 5 cause ground acceleration that appears
equivalent to that in reverse-faulting and strike-slip events (Figure 1). This result contradicts
the hypothesis that normal-faulting earthquakes generate systematically smaller ground
accelerations than other events. It implies that the orientation of principal stresses, which
patently differs in diverse tectonic regions, has little effect on the amplitude of high-frequency
seismic waves generated by earthquakes. For events between magnitudes 4 and 5, peak hor-
izontal ground acceleration appears not to be controlled by geometrical spreading. At source-
station distances greater than about 10 km, it decreases approximately in inverse proportion to

*G.J. Chen, S.J. Nava, J.E. Shemeta, and R. Westaway also contributed significantly to
the work reported here.
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distance squared.

2. On August 14, 1988, an ML5.3 earthquake occurred on the northwest flank of the San
Rafael swell in central Emery County, Utah. This earthquake was preceded by several
foreshocks and followed by numerous aftershocks of MLS 4.4 (see the summary report for our
companion network operations award, this volume). Following the main shock, we installed
five portable seismographs and later four telemetered stations in the epicentral area (Figure 2).
Well-located aftershock hypocenters define a 4 by 8 km aftershock zone between 8 and 15 km
depth, dipping 60°-70° east-southeast (Figures 2 and 3). Preliminary P-wave focal mechanisms
for the main shock and the largest aftershock both show oblique normal faulting with one
nodal plane dipping east or east-southeast, in a similar direction to the dip of the aftershock
zone. The T axis for the main shock is oriented approximately east-west, and provides impor-
tant new information on principal stress orientations east of the Basin and Range-Colorado Pla-
teau transition zone.

3. A special investigation of three-component digital recordings of aftershocks of the 1983
Borah Peak, Idaho, earthquake is well underway. We have obtained, courtesy of J. Boatwright
and C.S. Mueller, the data recorded for this sequence by the U.S. Geological Survey on nine
GEOS and three DR-100 digital recorders. In addition, with the aid of J. Zollweg, we have
digitized the waveforms of approximately 120 events recorded on eight USGS five-day FM
tape recorders. The Borah Peak data set is unique for the Intermountain seismic belt because
of (1) the large number of high quality digital seismograms (over 6,000), (2) the relatively
dense station distribution, (3) the large range of magnitudes recorded on scale (up to ML5.8),
and (4) the excellent recordings of shear waves available from the horizontal instruments.

All of the data from the different instruments have been written into the format used by
the Seismic Analysis Code (SAC), a software package developed at Lawrence Livermore Lab.
We have measured P and S arrival times, initial P-wave pulse widths, and peak amplitudes for
each earthquake. Currently, we are in the process of determining seismic moments and local
magnitudes (ML) for a subset of these events and using the arrival time data to invert for 1-
dimensional P- and S-wave velocity structures, station delays, and aftershock hypocenters. The
goals of this work are to (1) develop a reliable moment-magnitude relationship for the Inter-
mountain seismic belt, and (2) examine in detail the relationship of the aftershock hypocenters
to the primary rupture surface of the Borah Peak main shock.

4. P-wave displacement spectra and initial pulse widths were analyzed for nine earthquakes of
07 < Mc (coda magnitude) < 1.5 that were recorded digitally as part of a joint field experi-
ment (37 analog seismographs, 12 three-component digital seismographs) conducted in Sep-
tember 1983 in the Utah-Idaho border region by the University of Utah, the Massachusetts
Institute of Technology, and the University of Wisconsin at Madison. For the nine selected
events, seismic moments determined from long period spectral levels range from 1.1 t0 27.2 X
1017 dyne-cm, average P-wave comer frequencies range from 9 Hz to 19 Hz, and average P-
wave pulse widths range from 0.11 sec to 0.20 sec. Neither the comer frequencies nor the
pulse widths vary systematically with seismic moment, but instead remain nearly constant
(within a factor of two) for all of the events examined. Thus, both the comer frequency and
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pulse width measurements appear to exhibit the fm ax effect observed in many other studies of
microearthquake source parameters. Average comer frequencies and pulse widths calculated
for each of the ten stations used reveal no resolvable differences in these parameters from one

recording site to another. Thus, if fm ax is caused by a near-surface site effect, as suggested by

several authors, this effect must be nearly identical at all of the digital recording sites.

Reports and Publications

Brown, E.D., J.C. Pechmann, W.J. Arabasz, and T. Zhang (1988). Seismotectonics of the
September-December 1987 Lakeside, Utah, earthquakes (MLS4.8), Seism. Res. Lett. 59,
15.

Pechmann, J.C., W.J. Arabasz, and E.D. Brown (1988). Seismic hazard in the Wasatch Front
region, Utah, from moderate earthquakes (MLS6.5) on buried faults, Seism. Res. Lett. 59,
15.

Westaway, R., and R.B. Smith (1988). Strong ground motion in normal-faulting earthquakes,
Geophys. J. R. Astr. Soc., in press.
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Figure 1. Comparison of observed peak horizontal ground acceleration for normal faulting
earthquakes of 6.0sM<6.5 with values predicted by the relationships of Joyner and Boore
(1981) and Campbell (1981). These two relationships were derived using data primarily
from reverse and strike-slip earthquakes. The horizontal error bars indicate estimates of
standard deviation in source-station distance. The vertical error bars indicate only one-half
of the estimated uncertainty in peak horizontal acceleration, in order to improve clarity. The
definitions of peak horizontal ground acceleration and source station distance used for these
comparisons are those of the original authors.
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Microearthquake investigation of the Kaoiki fault zone, Hawaii
14-08-0001-1G1529

Clifford H. Thurber
Department of Earth and Space Sciences
State University of New York at Stony Brook
Stony Brook, NY 11794-2100
(516) 632-8218

Objective: The seismically active Kaoiki fault zone lies between the Hawaiian volcanoes Mauna
Loa and Kilauea, and is thought to be an expression of the horizontal compressive forces induced
by the growth of the two volcanoes. A detailed investigation of the 1983 Kaoiki earthquake
sequence has been initiated, and the relation of this sequence to two previous earthquake
sequences (1974, 1962) is being examined in order to improve our understanding of the
seismotectonic setting of this active fault zone.

Data Analysis: The work on this project has continued to concentrate on an examination of
hypocenters and focal mechanisms determined using standard layered crustal models for the
Kaoiki region.

The 1983 main shock (M=6.7) has been modeled previously as a strike-slip event with a minor
dip-slip component, with the presumed fault plane oriented at about N 45° E. The aftershocks
delineate three separate zones of faulting, each of which has both strike-slip and thrust
mechanisms. Two of the zones have the same northeast-southwest orientation as the main shock
fault plane, and the third is orthogonal to it. The thrust events concentrate in the depth range of
10 to 12 km, confirming the existence of a subhorizontal detachment beneath Kaoiki similar to
that beneath the south flank of Kilauea. Strike-slip events range in depth from the near surface to
about 10 km. They outline the boundaries of two distinct crustal blocks that form the Kaoiki
fault zone. Their relative motions can be determined from analysis of focal mechanisms. Both
blocks are being displaced seaward along the detachment zone. We plan to seek evidence for
reflected waves from the detachment surface (possibly a low-velocity layer) in local earthquake
seismograms.

There is a great deal of circumstantial evidence that the Kaoiki main shock was a multiple-rupture
event. Teleseismic and local focal mechanisms are predominantly strike-slip, but moment tensor
solutions show major components of dip-slip motion. The aftershocks outline two asesimic
zones near the main shock, one on a near-vertical plane and another on a subhorizontal plane.
Many recent studies have demonstrated that the zones of primary slip during a main shock are
visible as relatively aseismic zones in the aftershock sequence. The main shock moment also
appears to be too large in comparison to the vertical aseismic zone alone, unless the fault slip is
unusually high.
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Geologic Studies for Seismic Zonation of the Puget Lowland
9540-04004

Brian F. Atwater
U.S. Geological Survey at Department of Geological Sciences
University of Washington AJ-20
Seattle, WA 98195
(206) 442-2927 FTS 399-2927

INVESTIGATIONS AND RESULTS

Scrutiny of stratigraphic evidence for great Cascadia earthquakes--In
flotillas of muddy canoes, two 65-person groups inspected buried Holocene
wetlands of southwest Washington. The first group consisted of engineers,
planners, and scientists participating in a USGS workshop on earthquake
hazards of the Puget Sound and Portland regions. The second group was
composed of participants in a University of Washington symposium on Holocene
subduction in the Pacific Northwest. These groups provided the first public
scrutiny of stratigraphic evidence for great Holocene earthquakes on the
Cascadia subduction zone. I sensed general acceptance of the stratigraphic
case for jerky tectonic subsidence. Many participants emphasized the
importance of learning whether individual jerks of subsidence had sufficient
regional synchrony to represent great earthquakes.

Groundwork for studying the stratigraphic record of great historical
earthquakes in south-central Chile--A USGS team consisting of Brian Atwater,
Susan Bartsch-Winkler, and Alan Nelson has recently received an in-house
(G.K. Gilbert) fellowship for paleoseismic work in Chile., The goal of the work
is to gauge the reliability of coastal-lowland stratigraphy as a recorder of
great subduction-zone earthquakes. Specifically, we seek to learn whether
buried coastal wetlands in south-central Chile record coseismic subsidence
from the great 1960 earthquake and from each of its three known
predecessors—-A.D. 1837, 1737, and 1575. Our field work is scheduled for the
austral summer of December 1988 to March 1989. In the spring and summer of
1988 we found several Chilean collaborators and lined up Chilean field
assistants.

Other activities--(1) Preparation of a large report on the project’s
findings tabulated in volume 25 of NEHRP semi-annual technical reports. (2)
Collaborative field work with Robert Bucknam (Holocene uplift at Puget Sound),
Wendy Grant (Holocene subsidence in northwest Oregon), Eileen Hemphill-Haley
(intertidal diatoms and foraminifers of southwest Washington), and Mary
Reinhart (anomalous, probably tsunami-laid sand in southwest Washington).

REPORTS
Atwater, B.F., 1988, Comment on "Coastline uplift in Oregon and Washington

and the nature of Cascadia subduction-zone tectonics”: Geology, v. 16
(in press).
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Frequency and Magnitude of Late Quaternary
Faulting, Sierra Nevada, California

14-08-0001-G1334

Peter W. Birkeland and Margaret E. Berry
Department of Geological Sciences
University of Colorado
Boulder, Colorado, 80309

(303) 492-6985

Investigation

The history of late Quaternary faulting along a portion
of the Sierra Nevada Mountains, California, is being
examined. The work entails 1) study of the glacial
stratigraphic sequences in valleys where deposits have been
offset by faulting, 2) study of the fault scarps which .cut
across these deposits, and 3) study of trenches excavated
across the faults. Work has been concentrated in the areas
around Bishop, McGee (S), Pine, and McGee (N) Creeks, where
late Quaternary fault scarps are well preserved. Two
trenches have been excavated for the study: one located in
the Bishop Creek area on a Tahoe or pre—-Tahoe moraine, and
the other in the McGee (N) Creek valley on a Tioga moraine.

Results

1) As discussed in the Summaries of Technical Reports
volume XXVI, we have five thermoluminescence (TL) age
estimates for distal colluvium exposed in the McGee (N)
Creek trench. These age estimates are reasonable
geologically, increase in age with depth in the colluvial
wedge, and are duplicated laterally. In the last four
months, we have obtained three AMS 14C dates for sites that
detailed trench mapping indicate are correlative in age to
the TL sample sites. The 1l4C dates do not agree with the TL
age estimates. The dates are as follows: 1) 22.2 ka (TL)
versus 0.6 ka (14C); 2) 13.6 ka (TL) versus 4.5 ka (14C);
and 3) 6.4 ka (TL) versus 0.6 ka (14C). The first 1lU4C date
(number 1, above) seems too young, and so the sample may
Eﬁve been contaminated, or come from a root. The other two

C dates could be reasonable geologically. To try to
resolve the TL versus l4C dates, we are now processing
samples to obtain two additional 14C dates. These dates
will be for disseminated organic matter collected as bulk
sediment samples at sites corresponding to those listed in
numbers 1 and 2, above.

2) During the past four months, soils collected from the

various glacial stratigraphic units in Bishop, McGee (S),
Pine, and McGee (N) Creeks have been analyzed for particle-
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size distribution, gravel-free bulk density, pH, and sodium
dithionite-citrate extractable iron distribution. Analysis
of silt weathering in the solls 1s presently underway.
Together, these data will help quantify time-related changes
in the soils.
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1.3

Surface Faulting Studies
9910-02677

M.G. Bonilla
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, CA 94025
(415) 329-5615

Investigations

1. The appearance of active faults in exploratory trenches.
2. Field investigation of earthquakes.

Results

1. The study has shown that despite the excellent exposures provided by exploratory
trenches, mistaken interpretations can be made of the time of most recent displacement
and of the recurrence interval of faulting events, because segments of fault strands cut by
trenches may (a) seem to die out although in reality they are only poorly expressed, or (b)
actually die out. Of 1,252 fault strands that were analyzed in this study, 14 percent of
them had obscure segments, i.e., segments that are not readily visible. The position of the
ground surface at time of faulting was known or could be inferred for 143 strands; 45
percent of these died out upward (i.e., could not be traced, in the trench walls, to the
ground surface that existed at the time of faulting). The strands that die out upward and
the obscure segments show that a fault strand overlain by an apparently undisturbed
deposit is not necessarily older than the deposit. Thirty-four percent of 1,109 strands die
out downward, lending further support to the idea that faults can terminate, or seem to
terminate, for reasons other than being covered by younger deposits. Nonvisibility (i.e.,
obscure segments and strands that die out upward or downward) is generally more
common on strike-slip and reverse-slip faults than on normal-slip faults. Nonvisibility is
common in soil horizons and uncommon in clay and gravel, but its frequency of occur-
rence in silt and sand compared to other materials is uncertain.

To avoid misinterpretation of the apparent upward termination of fault strands exposed in
trenches, examinations of other exposures of the same strand should be made; further,
any pertinent evidence such as terminations of other strands, fissures, folding, uncon-
formities, scarp-derived rubble or colluvium, sandblows, and soft-sediment deformation
of the same age should be searched for.
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Revision of a manuscript on factors affecting the recognition of active faults exposed in
trenches was completed after technical review; the main points were summarized in a
paper to be submitted to a journal, and an abstract is in press.

2. Surface faulting is reported to have occurred in Carmona, Spain, during the earthquake of
April 5, 1504. Examination of the site of the reported faulting while on a personal trip
yielded evidence suggesting that the effects were superficial rather than tectonic. Dis-
cussion with Ramon Vegas of the Universidad Complutense, Madrid, resulted in initia-
tion of further study of the problem by Spanish investigators, including field work,
examination of historical documents, and compilation of seismological data. The results
will affect the appraisal of earthquake hazards in the area as well as general studies of
worldwide faulting.

Regorts

Bonilla, M.G., in press, Faulting and seismic activity, Chapter 10 in Kiersch, G.A., ed., The
heritage of engineering geology--the first hundred years: Geological Society of America
Centennial Special Volume CSV-3.

Bonilla, M.G., and Lienkaemper, J.J., in press, The visibility of active faults in exploratory
trenches [abs.]: Geological Society of America, Abstracts with Programs, v. 20, no. 7.
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Sedimentological Analysis of Postulated Tsunami-Generated
Deposits from Great-Subduction Earthquakes Along
Washington's Outer Coast

14-08-0001-G195

Joanne Bourgeois
Dept. of Geological Sciences
University of Washington
Seattle, Washington, 98195
(206) 545-2443

OBJECTIVE: It has been suggested by several workers that
tsunamigenic subduction earthquakes, similar to the 1960 and 1964
events of Chile and Alaska, have occurred along the Cascadia
Subduction Zone. Recently, on the southern coast of Washington
at Willapa Bay and Gray's Harbor, geologic evidence for very
rapid subsidence of coastal wetlands has been discovered. The
evidence consists of several buried layers of supratidal and
forest peat which alternate with beds of estuarine mud. Three of
these formerly emergent surfaces are overlain by a thin layer of
sandy silt interpreted by Atwater as the residual deposits of
tsunamis that overran freshly submerged coastal platforms. The
purpose of this study is to determine whether these sands were
deposited by tsunamis or by some other mechanism.

Approach: There are several mechanisms by which fine sand and
silt could be deposited on a submerged coastal platform:

1) (landward-directed) surges generated by a tsunami wave train,
2) seiching generated by subsidence due to an abrupt down-
dropping of the coastal platform; 3) (landward-directed) flooding
from storms; or 4) (seaward-directed) flooding of tidal channels
and/or migration of tidal channels. Our approach is to consider
the potential of each mechanism to transport sediment over salt
marsh surfaces. We will accomplish this by conducting detailed
field work, grain size and petrographic analyses, and then
generating a sediment-transport model for the deposition of these
layers. From field work and laboratory analysis already
completed, we have eliminated seaward-directed flooding and
channel migration processes; we have not yet eliminated any of
the pulsing, landward-directed processes. In order to compare
our observations with a known tsunami deposit and to test our
sedimentological analyses, we will study in detail and sample the
tsunami deposit left on the subsided coastal lowland of Chile
following the Mw 9.5, great-subduction earthquake of 1960.

WORK IN PROGRESS: To date our work in coastal Washington has
focused on the sandy unit overlying the youngest buried wetland
surface. We have completed regional (Willapa Bay and Gray's
Harbor) and detailed local mapping and sampling of this sand
layer, and are presently conducting grain size and petrographic
analyses. In addition to these activities we are presently
engaged in planning all aspects of our proposed research in
Chile, to be conducted from January through February of 1989.
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Field Work: A complete description of the sandy unit overlying
the youngest buried peat and of its regional correlation from
Willapa Bay to Gray's Harbor is given in the previous Technical
Report (June, 1988). Presented also in that report is an isopach
map of the sandy unit along the Niawiakum River showing that the
unit thins in the upstream direction, and that it is thicker on
the downstream sides of point bar/wetland surfaces than on the
upstream sides. We have recently completed isopach maps of the
sandy unit at the Bone River (Willapa Bay) and the John's River
(Gray's Harbor), both of which agree well with results from the
Niawiakum River.

Grain Size Analysis: Grain-size analyses of the sandy unit from
the Niawiakum, Bone and John's Rivers are in progress. In
addition to the preliminary results presented in our June report,
the analyses show a decrease in grain size across each point
bar/wetland surface in the upstream direction.

Petrography: Thin sections of the sandy unit, and of samples
from modern sand flats, mud flats, and tidal channels have been
prepared and heavy mineral point counting is in progress. We are
using the results of Luepke and Clifton (1983, Sed. Geol. v. 35)
to determine the sediment source of the sandy unit. Our
preliminary results show that the heavy mineral assemblage of
samples from the basal sandy lamina is almost indistinguishable
from that of ocean-side sand flats and bay-side mud flats, but
differ distinctively from the assemblage present in channel
sediments found upstream of tidal influence.

PRELIMINARY CONCLUSIONS:

1) The event depositing the sandy unit was of at least
regional scale (Willapa Bay to Grays Harbor), as indicated by
correlation of the lamina couplet and similarity of isopach maps.

2) The depositional event was composed of several pulses,
as indicated by the alternating laminae of sandy silt and mud.

3) The event was landward-directed, as indicated by
upstream thinning and fining of the unit, and by the seaward
source of the sandy unit.
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Northern San Andreas Fault System
9910-03831

Robert D. Brown
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5620

Investigations

1. Continuing research and compilation of data on Quaternary deformation in the San
Andreas fault system, to update chapter for a planned volume summarizing current geo-
logic and geophysical knowledge of the fault system.

2. Research and review of work by others on the tectonic setting and earthquake potential at
Diablo Canyon Power Plant (DCPP), near San Luis Obispo, California. Activities are in
an advisory capacity to the Nuclear Regulatory Commission (NRC) and are chiefly to
review and evaluate data and interpretations obtained by Pacific Gas and Electric Com-
pany (PG&E) through its long-term seismic program.

3. Serve as chairman of Policy Advisory Board, Bay Area Earthquake Preparedness Project
(BAREPP). A joint project of the State of California and the Federal Emergency Manage-
ment Agency, BAREPP seeks to further public awareness of earthquake hazards and to
improve mitigative and response measures used by local government, businesses, and
private citizens.

Results

1. Continued reviews of geologic and geophysical data related to DCPP and provided oral
and written review comments to NRC. Coordinated USGS review and data acquisition
efforts related to DCPP.

2. Provided informal oral and written data, analysis, and recommendations to BAREPP and

other Policy Advisory Board members on geologic, seismologic, and management issues
relating to earthquake hazard mitigation in California.

Reports

None.

09/88
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Characteristics of Active Faults
9950-03870

Robert C. Bucknam
Branch of Geologic Risk Assessment
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, Colorado 80225
(303) 236-1604

Investigations

1.

Study of possible evidence for neotectonic deformation in the Puget Sound
region, Washington.

2. Coordination of International Geological Correlation Program (IGCP)
Project 206--A Worldwide Comparison of the Characteristics of Major Active
Faults.

Results

1. Yount (1983) reported upper Holocene marine-terrace deposits uplifted at

least 3 m at Bainbridge Island, on the west side of Puget Sound near
Seattle. He reported a date of 3,260 yr B.P. for marine shells from
assoclated terrace deposits.

I recently measured several profiles across the present intertidal
platform and the adjacent late Holocene age raised platform at that site
and found that the uplift is likely to be about 7 m. Additional samples
of peat and soil were collected for radiocarbon analyses to more closely
constrain the timing of the uplift.

The raised marine terrace appears to be expressed only in areas of exposed
bedrock. Studies will expand outward from the area of clearly defined
uplift to determine the extent of associated deformation and the nature of
its stratigraphic record in salt marshes in the region. Coastal salt
marshes, which develop within a narrow range relative to sea level, are
scattered along Puget Sound and Hood Canal. The stratigraphic record in
these deposits offers a promising source of data for determining tectonic
deformation throughout the region as reflected by changes in relative sea
level.

To date, work that I have done at a salt marsh at Lynch Cove at the head
of Hood Canal near the town of Belfair suggests the possibility of late
Holocene uplift there. At that site, about 1 m of peat overlies muds and
sands of an intertidal flat. The lower 40-50 cm of the peat contains
abundant wood fragments, sparse leaves, and scattered wood interpreted to
be roots in growth position. A radiocarbon analysis of a wood fragment
with bark attached taken from very near the base of the peat section gave
an age of 440190 yr B.P. (Beta-27171). No fossils of salt marsh plants
have been identified in the peat, which is interpreted as a freshwater
deposit. A muddy salt-marsh peat, about 50 cm thick and rich in
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distinctive salt marsh plant fossils overlies the lower peat unit. A
radiocarbon analysis of rhizomes of salt marsh plants from the base of the
salt-marsh peat gave an age of 260150 yr B.P. (Beta-27172). The top of
the upper peat, which coincides with the present salt-marsh surface, is at
the level of mean higher high water. These relations suggest the
possibility of decimenters of uplift of the intertidal flat prior to 440
yr B.P., followed by a rise in relative sea level. The rise in relative
sea level may have components of tectonic subsidence, a eustatic rise in
sea level, and compaction of the peat section.

Reference Cited
Yount, J.C., 1983, Earthquake hazards, Puget Sound, Washington, in Summaries

of technical reports, v. XV: U.S. Geological Survey Open-File Report 83-
90, p. 74-76.
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Late Quaternary Slip Rates on Active Faults of California
9910-03554

Malcolm M. Clark
Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 77
Menlo Park, CA 94025
(415) 329-5624, FTS 459-5624

Investigations

1.

Recently active traces of Calaveras fault zone at Tres Pinos Creek and San Felipe Creek,
California (K.K. Harms, J.W. Harden, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, California (Sarah Beanland, Clark).

3.  Degradation of fluvial terrace risers along Lone Pine Creek, San Bernardino County.
(Harms, in conjunction with J.B.J. Harrison, L.D. McFadden (UNM), and R.J. Weldon
(University of Oregon)).

Results

3. Thirty scarp profiles have been measured on seven terrace risers of Lone Pine Creek, four

of which can be constrained by radiocarbon dates collected by Weldon for two terraces
(Ph.D. thesis, California Institute of Technology, 1986). Each of the dated terraces is cut
into two different older terraces, allowing us to compare the effects on profile development
of scarps of different heights, but formed at the same time. The degree of soil develop-
ment was greater on the older terraces at the time of scarp formation, and should affect the
subsequent degradation. Using the scarp degradation model of Andrews and Bucknam
(JGR, 1987) and Hanks and Andrews (USGS Open-File Report 87-673), preliminary ages
are derived for the dated terraces. These ages, derived from scarp-profile degradation, are
calibrated to Lake Bonneville shorelines in Utah and to Lake Lahontan shorelines in
Nevada. For terrace QT3 (terrace designation from Weldon) we have seven profiles
measured on the riser cut into QTI, and five profiles measured on the QT1-QT3 riser.
Radiocarbon dates have been extrapolated to constrain the time of abandonment of QT3 to
8,350; 4950, -500 yr. The mean age derived from scarp degradation of terrace riser
QT1-QT-3 is 7,588 yrs, and for QT2-QT3 is 7,281 yrs. Radiocarbon dates are combined
to form a best estimate of time of abandonment of terrace QTS of 5,900; +845, -905 yrs.
This should be an absolute minimum value for the age of formation of the terrace risers
QT2-QT5 and QT4-QT5. The mean age derived from the two profiles of terrace riser
QT2-QTS is 422 yrs, and the scarp profile for terrace riser QT4-QTS5 yields an age of 712
yrs. More profiles will be measured in conjunction with evaluation by Harrison and
McFadden of degree of soil development of each terrace and some terrace risers.
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Regorts:

Clark, M.M., and Hudnut, K.W., 1988, New slip along parts of the 1968 rupture of the Coyote
Creek fault, California [abs.]: Seismological Society of America, Seismological Research
Letters, v. 59, p. 49-50.

Lubetkin, L., and Clark, M.M., 1988, Late Quaternary activity along the Lone Pine fault, eastern
California: Geological Society of America Bulletin, v. 100, p. 755-766.

Pampeyan, E.H., Holzer, T.L., and Clark, M.M., Man-induced ground failure in the Garlock fault
zone--Fremont Valley, California: Geological Society of America Bulletin, v. 100, p.

677-691.

09/88
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Investigation of Salt Marsh Stratigraphic Response to Climatic, Oceanographic
and Tectonic-Subsidence Forcing Processes in the Pacific Northwest Region

14-08-0001-G1512

Mark Darienzo
Curt Peterson
College of Oceanography
Oregon State University
Oceanography Admin Bldg 104
Corvallis, OR 97331-5503
(503) 754-2296

Objective: The subsurface of coastal salt marshes in the Pacific Northwest
record multiple events of marsh burial. The purpose of this study is to 1)
establish marsh deposit geometries and stratigraphic sequences, 2) document
absolute elevation relationships between modern marsh depositional sequences,
microfossil assemblages and measured sea level data, 3Lconstrain the age of
marsh burial by submitting samples from the top of each buried marsh for
radiocarbon analysis and 4) define criteria by which to discriminate between
marshes buried by storms, floods, lateral channel migration and tectonic
subsidence. The marsh settings chosen for the study are 1) a fluvially dominated
estuary (Alsea Bay, central Oregon coast), 2) a tidally dominated lagoon (Netarts
Bay, northern Oregon coast), and 3) a tidally dominated but relatively protected
estuary located in a potentially active syncline (South Slough, southern Oregon
coast) (figure 1).

Data Acquisition and Analysis:

A) The Netarts Ba¥ salt marsh was chosen as a study site because it has 1) no
significant fluvial influence, 2) an extensive, minimally dissected, high marsh,

3) moderate protection from storm winds and 4) a moderate rate of sediment
supplg. Selected marsh sites in Netarts Bay have been cored (figure 2), the cores
have been described, modern surface elevations established and all burial events
radiocarbon dated. The stratigraphy is summarized in figures 3 and 4; the
radiocarbon ages are summarized in figure 5.

All buried marsh horizons in the u%per two meters of the marsh system were
buried as a result of rapid tectonic subsidence. Several factors strongly support
this hyr)othesis, including a) the presence of sandy sediment capping layers
abruptly overlyindq most buried marshes, b) low organic laminated muds abruptly
overlying the sediment capping layer or buried marsh horizons and c) ?radual
contacts between the laminated muds and overlying buried marshes. In addition,
there is an abrupt transition in several buried marsh sequences from freshwater
diatom assemblages (e.g., Eunotia sp. and Pinnularia sp.) (supratidal marsh) at
the top of the buried marsh to brackish/marine diatom assemblages (e.g., Paralia
sulcata and Grammatophora sp.) (tidal flat) in the laminated muds immediately
above it. Finally, there are very good correlations between the buried marshes
at all of the core sites, indicating a system-wide response. In other words, a
rapid subsidence of at least one meter permits the newly-elevated sea level to
inundate a supratidal marsh. An associated tsunami or seiche carries sand in
suspension and deposits it on the subsided marsh. Later, the normal estuarine
tidal processes deposit laminated muds, and the tidal flats build upward to an
elevation where marsh plants can recolonize and a new marsh can develop.
rl:os_.t-subsidence rebound might hasten the reestablishment of the new marsh

orizon.
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The exterior marsh sites (core sites 5, 6, 7, and 10) in the Netarts Bay salt
marsh study area record both a) the most burial events and b) the most
continuous marsh development (figures 2, 3 and 4). In contrast, core sites in the
marsh interior (core sites 8, 11, 12 and 13) record either less marsh
development or no marsh establishment. In the case of no marsh establishment,
however, the burial event at mean tide level (MTL) in core site 8 is recorded
within the low organic, laminated muds by the presence of a sediment capping
layer. In core site 6 adjacent to the sand spit, there is almost continuous marsh
development indicatin% rapid marsh reestablishment after successive tectonic
subsidence events. The marsh at core site 6 is established rapidly because of
its proximity to an eclian sand supply, location in a relatively protected part of
the bay and higher relative elevation prior to subsidence.

In contrast to the abrupt upper contact of buried marshes with overlying
laminated muds in the sequences discussed above, the upper contacts of the
buried marsh horizon in cores 5, 11 and 13 at a depth of approximately 3 meters
is gradual. Not only is there a gradual change in organic content at this contact
but there is a gradual change from a freshwater diatom assemblage to an
estuarine diatom assemblage. In addition, a gradual change from a high marsh
foraminiferal fauna ;Trochammina inflata an Hap/olphragmoides braadyii) to a
low marsh/tidal flat foraminiferal fauna (Miliammina fusca and Ammobaculites
exiguus) is recorded. Further, the laminated mud layer is much thicker than
similar layers elsewhere in the cores. This gradual transition indicates gradual
subsidence, perhaps due to tectonic strain accumulation.

B) Alsea Bay was chosen as a site to test the river flood hypothesis of marsh
burial in the upper reaches of a fluvially dominated estuary. The marsh sites
have been cored (figure 6), most modern surface elevations have been
established and six out of eight burial events have been radiocarbon dated. The
top two burial events (top 50cm) have extensive modern root penetration and
radiocarbon ages from these horizons would be suspect because of contamination
with modern carbon 14. Preliminary stratigraphy of selected core sites is
summarized in figure 7 and radiocarbon ages are summarized in table 1.

There is a major difference in marsh development at all core sites above and
below an horizon that ranges from 1.0 to 1.5m depth. Below this horizon, marsh
development is strongest in the central marsh core sites. Here the bay widens,
allowing riverborne sediment to settle in a relatively protected area. Farther
upstream (core sites 12 and 13) marsh development is impeded by erosion from
the migrating river channel within a constricted river valley. Oceanward (core
sites 1, 2, 4, 15, 18 and 20) wave action might have prevented marsh
establishment below 1.5m depth. There is a noticeable lack of a sediment
capping layer above any of the buried marshes in the central and upriver marsh
sites. The absence of sand and the dpresence of relatively thick well-laminated,
lower organic muds above the buried marsh eliminates the potential for flood
and storm deposition as the mechanism responsible for marsh burial in this
coastal basin. The widespread correlation of key burial horizons rules out local
channel migration as a mechanism of marsh burial. Rapid tectonic subsidence is
the likely mechanism, because of the abrupt transition from peats to overlying
laminated muds. The muds then aggrade to the newly established sea level,
permitting new marsh reestablishment. One marsh/laminated mud transition
recorded an abrupt change in foraminifera from a high marsh fauna to a low
marsh/tidal flat fauna. Other marsh/mud sequences are being analyzed for
microfossils in order to further document abrupt subsidence. In contrast to the
widely separated buried marshes below the 1.0-1.5m depth horizon discussed
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above, there are relatively continuous peat layers separated by thinner sediment
layers above the horizon. These thin sediment layers can be correlated
system-wide. The sediment layers in the top two correlated units (figure 7)

tend to be sandier and thicker in the western core sites (core site 15 for

example) suggesting a landward surge of sand. The decrease of sand and thinning
of the layer landward excludes river flooding as the sand source. Heavy mineral
analyses of the sands (pending) should confirm the oceanward source. The thin
sediment layers and nearly continuous peat growth might indicate nearly
continuous marsh growth interrupted by minor subsidence events.

C) The South Slough was chosen as a study site, because it is located in a
potential tectonicalgl active syncline. Marsh sites have been cored (figure 8),
the cores described and at least eight burial events have been identified.
Straéigraphic columns, lab analyses, marsh elevations and radiocarbon ages are
pending.

Abrupt contacts between the buried marshes and barren to low organic muds
above them suggest abrupt subsidence as the mechanism for marsh burial. The
scarcity of buried marshes in the Coquille River, 5 km south of the South Slough
syncline, suggests local rather than regional subsidence.

D) In summary, the Netarts Bay salt marsh shows evidence for abrupt tectonic
subsidence and evidence for tsunami or seiche deposited sands. In the fluvially
dominated Alsea Bay, there is evidence in the top meter of two landward
directed surges that deposited sand on the marsh. The landward directed surge
excludes river flooding as a cause of burial. Below 1.5m depth, the buried
marshes in Alsea Bay do show that several tectonic subsidence events halted
marsh growth. Subsequently, accreting tidal flats reached new sea level
positions, allowing marsh plants to recolonize. The South Slough salt marshes
provide evidence for episodic abrupt subsidence, and the lack of buried marshes
outside the syncline suggest local foldbelt subsidence rather than regional
subduction zone-related subsidence.
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Figure 2. Core sites showing evidence of abrupt coastal subsidence in
Netarts Bay, a coastal lagoon.
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West East
Core 6 Core 5 Core 11 Core 8 Core 13 Core 7

elevation

+1m

Figure 3. Core logs and stratigraphic correlations between buried marsh
sequences along a West-East transect in Netarts Bay (see figure 4 for
key).
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Muddy sand
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Figure 4. Core logs and stratigraphic correlations between buried marsh
sequences along a North-South transect in Netarts Bay.
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age age age )
elevation beta# (RCYBP) (C13 adj) (cal. BP) location
clevation +1.19 19096  12524/-09% - - T-MM
+1lm
+0.89 24932  450+/-80 440+/-80 310-626 B-MM
+0.63 24933 370+/-60 350+/-60 290-520 T-BM1
+0.24 25208 690+/-110 700+4/-110 520-908 B-BM1
(19094)  (1240+/-80) - -
MIL 0 +0.05 24934 1270+/-60 1220+/-60 970-1290 T-BM2
) -041 24520 1670+/-80 1640+/-80 1354-1769 T-BM3
-0.71 24935 1430+/-80 1450+/-80 1189-1520 B-BM3
-1 -1.03 24521 1840+/-60 1760+/-60 1540-1869 T-BM4
- -1.49 24936  2090+/-70 2040+/-70 1870-2298 B-BM4
-2
-3.21 24522 3220+/-90 3170+/-90 3145-3636 T-BMS5
-3.37 25030 2850+/-70 2820+/-70 2779-3191 T-BMé6
-3
-4.01 24523 3300+/-100 3290+/-100 3274-3827 T-BM7
KEY
MM modern marsh
BM buried marsh
T top
-4 B base

Figure 5. Generalized late Holocene marsh stratigraphy from Netarts Bay
showing seven buried marsh horizons (see figure 4 for key) and
corresponding radiocarbon ages (RCYBP and reservoir calibrated).
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Figure 7. Preliminary core logs of selected sites and stratigraphic

correlation of buried marsh sequences in Alsea Bay.
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Table 1. Radiocarbon ages (RCYBP and reservoir calibrated) from Alsea
Bay core site AB9. Depth in meters with respect to mean tide
level.

Depth (m) Age (RCYBP) Age (C13 adj.) Age (cal. BP)
+1.27 pending

+1.14 pending

+0.64 800+/-80 760+/-80 561-903
-0.18 1490+/-80 1450+/-80 pending
-0.87 2210+/-80 2200+/-80 1999-2349
-1.68 2620+/-60 2570+/-60 pending
-2.57 2890+/-70 2830+/-70 2779-3205
-5.12 4510+/-80 4480+/-80 pending
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Figure 8. Core sites in South Slough, a tidally dominated but protected
system in a potentially active syncline.
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SUBSURFACE STUDY OF THE LATE CENOZOIC STRUCTURAL GEOLOGY OF THE
LOS ANGELES AREA

14-08-0001-G1371

DAVIS AND NAMSON
CONSULTING GEOLOGISTS
1545 N. VERDUGO ROAD SUITE 9
GLENDALE, CA 91208
818-507-6650

I. Objectives:
A. Detection of blind thrusts in the Los Angeles area.

B. Determination of geometry, kinematics, offset and slip
rate of thrust faults.

C. Objectives A and B are obtained by construction of
retrodeformable cross sections and subsurface maps. Cross
sections and maps integrate surface mapping, o0il well data and
other subsurface data.

II. Results:

A. A Santa Monica to western San Gabriel Mountains cross
section has been constructed (A-A'; Figs. 1 and 2). This section
shows what is believed to be the western continuation of the
Elysian Park thrust (EPT). The EPT 1is thought to have been
responsible for the 1987 Whittier Narrows earthquake (M=5.9). In
this interpretation the thrust has 6.9 km of slip. The thrust
began to move sometime during Repetto time or between 2.2 and 4.0
Ma (M. Lagoe, personal communication). These figures give an
average slip rate range of 1.7 to 3.1 mm/yr for the EPT. The
cross section also shows a preliminary structural interpretation
of the region of the 1971 San Fernando earthquake (M=6.6).

B. The central Los Angeles basin cross section (B-B', Fig.
1) has been revised with new data. Several different deep-level
structural interpretations have been constructed and will appear
with the revised cross section in Davis et al (submitted).
Preliminary versions of the central basin cross section appear in
Davis (1987, 1988).

C. A second Whittier Narrows cross section (C-C', Fig. 1)

has been constructed and appears in Davis et al (submitted). The
first Whittier Narrows cross section appears in Davis (1988).
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D. Papers published and submitted.

1. Namson, J.S. and Davis, T.L., 1988, Seismically
active fold and thrust belt in the San Joaquin Valley, central
California: Geological Society America Bulletin, v. 100, p. 257-
273.

2. Namson, J.S. and Davis, T.L., 1988, Structural
transect of the western Transverse Ranges, California:
Implications for lithospheric kinematics and seismic risk
evaluation: Geology, v. 16, p. 675-679.

3. Hauksson, E., and others, 1988, The 1987 Whittier
Narrows Earthquake in the Los Angeles Metropolitan area,
California: Science, v. 239, p. 1409-1412.

4. Davis, T.L. and Lagoe, M. B. 1988, A structural
interpretation of major tectonic events affecting the western and
southern margins of the San Joagquin Valley, California, in
Graham, S.A. and Olson, H., eds., Studies of the Geology of the
San Joaquin Basin, Pacific Section of Society of Economic
Paleontologists and Mineralogists, v. 60, p. 65-88.

5. Davis, T.L., and others, 1988, Structure of the
Cuyama Valley, Caliente Range, and Carrizo Plain and its
significance to the structural style of the southern Coast Ranges
and western Transverse Ranges, in, Bazeley, W.J.M., ed., Tertiary
Tectonics and Sedimentation in the Cuyama Basin, San Luis Obispo,
Santa Barbara, and Ventura Counties, Pacific Section of Society
of Economic Paleontologists and Mineralogists, v. 59, p. 141-158,

6. Davis, T.L., Namson, R.F., and Yerkes, R.F.,
submitted, A structural analysis of seismically active
compression in the Los Angeles area and implications for seismic
risk, Journal Geophysical Research.

7. Davis, T.L. and Yerkes, R.F., submitted, Application
of retrodeformable cross sections to seismic risk evaluation of
the Los Angeles basin and the Whittier Narrows Earthquake (M=5.9)
of October 1, 1987: Geology, was rejected. Material from this
paper has been incorporated into Davis et al (submitted).

E. Thom Davis is advisor for Kurt Hayden's master's thesis
on the subsurface structural geology of the Elysian Park area,
Los Angeles. This thesis 1is being done at California State
University Long Beach. The thesis has been submitted for final
review to the university and to Thom Davis.
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Figure 1. Generalized
geologic map of the Los
Angeles area showing cross
section lines and
principal geographic and
geologic features.
Contours are in kilometers
and are on the top of the
crystalline basement.
Abbreviations: CF=Compton
fault; EPA=Elysian Park
anticlinorium; HF= Haddon
fault; LA=Los Angeles;
LCF=Las Cienegas fault;
LF=Lopez fault;
NIF=Newport-Inglewood
fault and fold trend:
PH=Puente Hills; PVA=Palos
Verdes anticlinorium;
PVF=Palos Verdes fault;
RH= Repetto Hills;
RHF=Raymond Hill fault;
SAF=San Andreas fault;
SGF=San Gabriel fault;
SFF=San Fernando fault;
SFV=san Fernando Valley;
SGV=San Gabriel Valley:
SM=Santa Monica;
SMDF=Sierra Madre fault
system; SMF=Santa Monica
fault; SMMA=Santa Monica
Mountains anticlinorium;
SR=san Rafael Hills;
THBF=THUMS-Huntington
Beach fault; VEF= Verdugo-
Eagle Rock fault;
VH=Verdugo Hills;
WF=Whittier fault.
WG=Wilmington graben;
WSGM= western San Gabriel
Mtns.; YBF=York Blvd.
fault. Rock unit: short-
dashed pattern=
crystalline basement;
diagonal-lined pattern=
upper Cretaceous-lower
Pliocene strata; no
pattern= upper Pliocene-
Quaternary strata.
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Investigation of the Late Quaternary Slip Rate of the
Northern San Andreas Fault at the Vedanta Wind Gap,
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Objectives:

The field epicenter for<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>